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Background: Patients with reduced renal function may be at risk of contrast medium-induced acute kidney injury
(CI-AKI) following intravenous iodine contrast medium (CM) enhanced computed tomography (CT). Reducing the
CM dose may reduce this risk. Decreasing the X-ray tube potential (kilovoltage, kV) from commonly used 120 to
80 kV results in higher CM attenuation due to the photoelectric properties of iodine, which may permit reduction
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Material and methods: In three cross-sectional studies 80-kV CT protocols with 40-50% reduction of CM dose
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to diagnose pulmonary embolism and in one hepatic study. Based on a phantom study and a clinical hepatic CT
study, iterative reconstruction algorithms were used to control image noise with no increase in tube loading. Image
quality was evaluated objectively and subjectively.

Results: Using 80-kV CT protocols with reduced CM doses (40-50%) and mAs compensation seems to provide
satisfactory diagnostic quality in pulmonary CT angiography and hepatic CT for patients with GFR <45-50 mL/min
and a body mass index <30 kg/m2. However, the use of iterative reconstruction algorithms to control image noise
without increased mAs resulted in inferior subjective image quality.

Conclusion: Using low-kV CT protocols with reduced CM dose could benefit patients at risk of CI-AKI. The
usefulness of iterative reconstruction algorithms to control image noise and not increase radiation dose remains
unclear.
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Summary

Computed tomography (CT) is an increasingly important diagnostic tool in
radiology. The main benefit of CT compared with conventional radiography is the
low-contrast resolution i.e., the ability to differentiate between two structures with
small differences in attenuation. Despite this, in many cases, there is a need to
enhance certain structures such as vessels and parenchymal organs using an iodine
contrast medium (CM) to make a proper diagnosis. A major drawback of CM is that
it has a potentially toxic effect on the kidneys, especially in patients with reduced
renal function, so-called CM-induced acute kidney injury (CI-AKI). This has been
reported to occur in 5-20% of patients that undergo a CM-enhanced CT examination
and may be a condition associated with both short and long-term increased
morbidity and mortality. Other risk factors associated with CI-AKI include diabetes,
congestive heart failure and obstructive lung disease with hypoxia.

Renal function deteriorates with age. In a growing elderly population other risk
factors such as heart and/or lung disease and diabetes are also more prevalent. Thus,
there is a growing number of patients who have an increased potential risk of
developing CI-AKI when undergoing a CM-enhanced CT examination. These
patients are therefore at risk of being denied a CM-enhanced CT examination or
subjected to a suboptimal non-CM CT examination which in the end could risk
delaying or preventing making the correct diagnosis and making them ineligible for
the right type of medical care and treatment.

Reducing the CM dose may reduce the risk of developing CI-AKI. One potential
way to reduce CM doses in CT is to reduce the X-ray tube potential (kilovoltage,
kV), from the commonly used 120 kV to 80 kV. This results in higher CM
attenuation due to the photoelectric properties of iodine which may permit reduction
of the iodine dose of approximately 40% while keeping the attenuation unchanged.

The downside of lower tube potential is increased image noise, which affects image
quality. In order to control image noise, the radiation output from the X-ray tube
(tube loading, milliampere seconds (mAs)) has to be increased. For unchanged
image noise, complete compensatory increase of the tube loading would result in an
increased radiation dose to the patient. In recent years advances in image
reconstruction techniques with the introduction of iterative noise-reducing
reconstruction (IR) algorithms have emerged. They were originally intended for
image optimization as a way to reduce radiation dose but could potentially also be



used as a way to mitigate the need increased radiation dose when using lower tube
potentials.

The aim of this thesis was to investigate the possibilities and limitations of reducing
CM dose in patients at risk of CI-AKI undergoing CT by reducing X-ray tube
potential.

Paper 1

A cross-sectional clinical study on CT pulmonary angiography (CTPA) in patients
with clinical suspicion of pulmonary embolism. Eighty-nine consecutive patients
considered at risk of CI-AKI were examined with an 80-kV protocol with 40% CM
dose reduction and tube loading compensation. The result was compared with
patients without risk of CI-AKI using the 120-kV standard protocol. Signs of CI-
AKI or any diagnosed venous thromboembolism (VTE) in patients with a negative
CTPA were evaluated in a three-month follow-up.

Paper 11

A cross-sectional clinical study on CTPA in patients with clinical suspicion of
pulmonary embolism. Fifty consecutive patients considered at risk of CI-AKI were
examined with an optimized 80-kV protocol with 50% CM dose reduction and tube
loading compensation. The results were compared with the 80-kV cohort from
Paper I. Signs of CI-AKI or any diagnosed venous thromboembolism (VTE) in
patients with a negative CTPA were evaluated in a three-month follow-up.

Paper 111

Objective and subjective evaluation of the impact of different strengths of iterative
reconstruction (IR) algorithms (Siemens SAFIRE 1-5) on image noise, iodine
attenuation and low-contrast object detection at different X-ray tube potentials and
radiation doses using an image quality phantom.

Paper IV

A cross-sectional clinical study on hepatic CT. Forty consecutive patients
considered at risk of CI-AKI where examined with an 80-kV protocol with 40%
reduced CM dose and compensated tube loading to control image noise. Objective
and subjective image quality was compared with the standard 120-kV protocol.

Paper V

The use of IR algorithms to control image noise instead of tube loading
compensation in 80-kV hepatic CT was evaluated in the same 80-kV cohort as in
Paper IV. Objective and subjective image quality was assessed in 40 patients who
served as their own controls.



The results from our studies indicated that the 80-kV protocols with reduced CM
doses (40-50%) and tube loading compensation provide satisfactory diagnostic
quality, comparable with our standard protocols, in CTPA and hepatic CT for
patients with body mass index (BMI) <30 kg/m”. However, the use of IR algorithms
to control image noise without tube loading compensation resulted in inferior
subjective image quality. We found no increased incidences of CI-AKI in our
studies.

In conclusion, using 80-kV CT protocols with reduced CM dose and maintained
image quality seems feasible and could benefit patients considered at risk of CI-
AKI. To what degree iterative reconstruction algorithms may be used to control
image noise with maintained image quality without increased radiation dose in low-
kV protocols remains unclear.
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Sammanfattning pa svenska

Datortomografi (DT) édr ett viktigt diagnostiskt verktyg inom radiologin.
Datortomografins frdmsta styrka jimfort med konventionell rontgen av t.ex. lungor
och buk dr den goda lagkontrastupplosningen, dvs. formagan att sérskilja mellan tva
strukturer med snarlik téthet (attenuering). Trots detta finns det ofta ett behov av att
forstarka kontrasten i vissa strukturer som t.ex. kirl och parenkymatosa organ med
hjélp av jodbaserade kontrastmedel (KM) for att kunna stilla ritt diagnos. En
begrénsning med anvéndandet av KM ér att det kan ha en potentiell toxisk effekt pa
njurarna, 1 synnerhet hos patienter med reducerad njurfunktion. S& kallad
kontrastmedelsinducerad akut njurskada (CI-AKI, engelsk forkortning). I
litteraturen har det rapporterats kunna drabba 5-20 % av alla patienter som
genomgar en DT-unders6kning med kontrastmedel och kan vara associerad med
Okad dodlighet och sjuklighet pd bade kort som lang sikt. Riskfaktorer som
associerats med CI-AKI inkluderar diabetes, hjartsvikt och obstruktiv lungsjukdom
med andndd.

Njurfunktionen forsdmras med aldern. Riskfaktorer som hjart-lungsjukdomar och
diabetes Okar ocksa i en aldrande befolkning. Séledes Okar antalet patienter som
riskerar att utveckla CI-AKI efter en DT-undersokning med kontrastmedel.
Eftersom detta dr vilként riskerar dessa patienter att inte f& sin diagnostiska
undersokning utford, och om alternativa unders6kningsmetoder saknas riskerar de
forsenad eller missad diagnos och felaktig behandling.

Reducering av KM-dosen kan potentiellt minska risken for att utveckla CI-AKI. Ett
mdjligt tillvigagéngsitt kan vara att reducera rontgenrorets rorspanning (kilovolt,
kV) fran vanligen anvénda 120 kV till 80 kV. Vid ldgre rorspénning okar téthetenen
for KM pé grund av jodatomens fotoelektriska egenskaper. Detta gor att KM-dosen
kan reduceras med ca 40 % vid 80 kV jmf med 120 kV utan att fordndra
kontrasttétheten.

Nackdelen med att sénka rorspanningen é&r att rontgenstrilningen far légre
medelenergi, vilket innebir att farre fotoner nar detektorn. D4 okar bruset i bilden,
och bildkvalitén forsdmras. For att kontrollera bruset méste darfor méngden
stralning Okas. For att hélla bildbruset ofordndrat skulle en fullstindig
kompensatorisk okning av stralningen till detektorn innebdra okad stréldos till
patienten. Under de senaste aren har det utvecklats bildrekonstruktionstekniker for
att bédttre kunna hantera bildbruset. Dessa har i forsta hand skapats for
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bildoptimering och straldosreducering, men skulle mojligen &dven kunna anvéndas
for att minska behovet av fullstindig kompensatorisk 6kning av straldosen vid
anvéndning av lidgre rérspanning

Syftet med den hér avhandlingen var att undersdka mojligheter och begrénsningar
med att reducera KM-dosen till patienter med formodad 6kad risk for att utveckla
CI-AKI vid DT-underékningar genom att reducera rérspanningen.

Studie 1

En klinisk tvérsnittsstudie for DT-angiografi av lungartirerna péd patienter med
klinisk misstanke om lungemboli. Attionio patienter med formodad 6kad risk for att
utveckla CI-AKI undersoktes med ett 80-kV DT-protokoll med 40 % reducerad KM
dos och kompenserad straldos. Bildkvalitet, brus och KM-tithet jamfordes med
patienter som undersokts med 120-kV standardprotokollet. Patienterna f6ljdes upp
under tre manader for att leta efter tecken pd CI-AKI och episoder av
tromboembolisk sjukdom.

Studie 11

En klinisk tvérsnittsstudie for DT-angiografi av lungartirerna péd patienter med
klinisk misstanke om lungemboli. Femtio patienter med formodad 6kad risk for att
utveckla CI-AKI undersoktes med ett optimerat 80-kV DT protokoll med 50 %
reducerad KM-dos och kompenserad strdldos. Bildkvalitet, brus och KM-tithet
jamfordes med 80 kV kohorten fran Studie 1. Patienterna foljdes upp under tre
ménader for att leta efter tecken pa CI-AKI och episoder av tromboembolisk
sjukdom.

Studie 111

Fantomstudie for objektiv och subjektiv utvdrdering av hur iterativa
rekonstruktionsalgoritmer (Siemens SAFIRE 1-5) paverkar brus, jodattenuering
och lag-kontrastupplosning vid olika rérspénning.

Studie IV

En klinisk tvérsnittsstudie for DT av levern. Fyrtio patienter med formodad 6kad
risk for CI-AKI undersoktes med ett 80-kV DT-protokoll med 40 % reducerad KM
dos och kompenserad straldos. Objektiv och subjektiv bildkvalitet jamfordes med
40 patienter som undersdkts med 120-kV standardprotkoll.

Studie V

Anvindandet av iterativa rekonstruktionsalgoritmer for att kontrollera bruset istéllet
for kompensatorisk dkning av straldosen vid 80-kV DT av levern utvérderades i
samma 80-kV kohort som i Studie IV. Objektiv och subjektiv bildkvalitet
utvirderades.
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Resultaten fran vara studier indikerar att 80-kV protokoll med reducerad KM-dos
(40-50%) och kompensatoriskt okad straldos ger acceptabel bildkvalitet som ar
jamforbar med véra standardprotokoll for DT-angiografi av lungkérlen samt DT av
levern hos patienter med BMI (body mass index) <30 kg/m’. Anvindandet av
iterativa rekonstruktionsalgoritmer som substitut for kompensatoriskt 6kad straldos
for att kontrollera bruset resulterade i forsdmrad bildkvalitet. Vi hittade inga tecken
pa okad incidens av CI-AKI i véra studier.

Sammanfattningsvis forefaller anvindandet av 80-kV DT-protokoll med reducerad
KM dos och bibehallen bildkvalitet vara mgjlig och skulle kunna vara till gagn for
patienter med Okad risk for att utveckla CI-AKI. I vilken utstrickning iterativa
rekonstruktions-algoritmer kan anvéndas for att kontrollera bruset med bibehallen
bildkvalitet utan att oka straldosen vid sénkt rorspanning ar fortfarande oklart.
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Introduction

Intravascular organic contrast media (CM) based on iodine, introduced by Moses
Swick in 1929°*%7 are still today the primary contrast medium for X-ray
examinations including computed tomography (CT). One of the major obstacles
with iodine CM (I-CM) since the 1940-50s has been the fear of CM-induced acute
kidney injury (CI-AKD*'“™  a condition with few effective prophylactic
measures®*® apart from reducing the CM dose®. The required diagnostic CM dose
is dependent on the X-ray attenuation of iodine which in turn is tightly linked to the
photon energy.

With decreasing photon energy, the attenuation of iodine increases until it reaches
the binding energy of the innermost electron shell (the k-shell) at 33.2 kiloelectron
volt (keV), the so-called k-edge of iodine (Figure 1).

-

o
[

o
o

——Ilodine

s —120 kV

—80 kV

o
~

Relative number of photons and
relative mass attenuation coefficient
o
N}

o
N
o
w
o
i
o

50 60 70 80 90 100 110 120
Photon energy (keV)

Figure 1 Photonenergy spectrum of 120 kV and 80 kV

Photonenergy spectrum at 120 kV and at 80 kV for the same radiation dose (generated in SpekCalc) compared to the
attenuation curve of iodine (gathered from NIST Standard Reference Database). Red and blue dots indicate mean
photon energy of the 120 and 80 kV spectra, showing the increase in iodine attenuation at 80 kV compared to 120 kV.

The long tradition of performing urography and angiography with I-CM has taught
us to aim for an X-ray tube potential as low as possible, in practice at about 70 to
80 kilovoltage (kV), to optimize the diagnostic ability. However, when CT was
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introduced during the 1970s it was performed at 120-140 kV, even when I-CM was
used, and has continued in that way until the 21* century. Decreasing the tube
potential to 70-80 kV requires compensated increased tube loading (milliampere
seconds, mAs) to preserve image noise and maintain image quality. However, the
ability to increase tube loading was limited by insufficient capacity of previous
generations of X-ray tubes to handle several tens of scans with the initial
stepwise/sequential (“step and shoot”) CT technique or the long exposure times
during the first generations of helical (“spiral”) CT equipment using single-row
detectors.

In the beginning of the 21* century the development of multi-detector row CT
systems (MDCT), which decreased acquisition time, and combined with increased
capacity of the X-ray tubes created the technical conditions to permit high enough
tube loadings when decreasing the tube potential. In 2002 a 16-row MDCT was
installed at the X-ray department of Lasarettet Trelleborg, Sweden, and the first tests
were performed of using 80-kV CT in the chest. It was simply chosen since it for
obvious reasons requires less tube loading than the abdomen due to less density.

An initial unpublished phantom experiment (Figure 2, 3) indicated that when
decreasing tube potential from 120 to 80 kV the CM-dose can be reduced with a
factor 1.6 which was in accordance with a few published studies'>*®. However,
image noise increased by a factor two. Since noise is inversely proportional to the
square root of the radiation dose®, tube loading has to be increased by a factor four.
This is in accordance with the theory that the intensity of the radiation beam at the
detector array may vary with the quote between the final and initial X-ray tube
potential to the power of 3.5%, i.e. 80/120*° = 0.24.

A

Figure 2 Chest phantom

A. 30-cm diameter chest phantom composed of cork simulating lung tissue (-790 HU) and 2.5-cm-wide nylon material
(70 HU at 120 kV) simulating thoracic wall and mediastinum. One 20-ml syringe was filled with distilled water and one
with [-CM, 12 mg I/ml B. A 120-kV CT of the chest phantom, CM attenuation 338 HU and mean image noise14 HU
(1SD). C. 80-kV CT, CM attenuation 541 HU and mean image noise 28 HU (1SD); thus, a factor 1.6 increase in
attenuation and roughly a factor 2 increase in image noise.
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Chest phantom - Relative changes at constant mAs
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Figure 3 Relative changes at a constant mAs

Diagram with relative changes of CM attenuation, image noise and radiation dose in terms of CTDlvo when scanning
the 30-cm chest phantom (Figure 2) with a Siemens Somatom Sensation with 16 detector rows and an X-ray tube
filtration equivalent to 11 mm aluminium?2. Detector radiation dose changes according to Nagel, (kV1/kV2)>5 6,
Published with permission from Acta Radiologica.

Based on our initial phantom study we targeted patients with suspected pulmonary
embolism (PE), often elderly with reduced renal function. The first examination was
performed on April 15,2003, on a 93-year old woman with an estimated glomerular
filtration rate (¢GFR) of 32 ml/min. The result was encouraging (see cover page)
and eventually resulted in a publication of the first 29 cases®. Subsequently the
technique has also been applied in abdominal CT.

Decreasing the tube potential from 120 to 80 kV, the radiation dose to the detector,
which directly correlates with image noise, is reduced with about three quarters
(0.24). The averaged radiation dose to the object, computed tomography dose index
by volume (CTDl.q1), is also reduced but only by two thirds (0.33) as illustrated in
Figure 3. The required about four-time increase in tube loading (1/0.24 = 4.2)
following tube loading compensation (TLC) to leave image noise unchanged has
several drawbacks. Radiation dose to the object will increase by about 40% from
0.33 to 1.39 (4.2 x 0.33) at 80 kV relative 120 kV. It will possibly also result in
shorter life expectancy of the X-ray tubes due to increased wear. In large patients
even modern high output X-ray tubes may not have the capacity to deliver the
required increase in tube current. If sufficient effective tube loading (pitch-
corrected, mAs/pitch) is possible by increasing rotation time or decreasing pitch,
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scan time increases which may jeopardize image quality by e.g., breathing artefacts
and CM escape during CT angiography.

The introduction of iterative reconstruction (IR) algorithms during the last decade
has opened for a new approach to control image noise instead of TLC when
decreasing X-ray tube potential’>**. However, there have been concerns as to how
these algorithms may change image noise texture, which may negatively affect
lesion detection®'.

This thesis explores the feasibility to utilize the increased iodine attenuation when
reducing X-ray tube potential to reduce CM doses in chest and abdominal CT in
patients considered at risk of CI-AKI while using TLC or IR algorithms to control
image noise.
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Background

Computed tomography

Computed tomography was developed by Sir Godfrey Hounsfield in 1971 based on
the theoretical calculations of Allan McLeod Cormack'”"® on a practical application
of the mathematical basis for tomographic imaging by Johann Radon” using X-
rays.

Since its introduction CT has revolutionized modern medicine and is today one of
the most useful and prevalent radiological diagnostic tools in health care, and the
number of examinations continues to increase every year. In Sweden (population 10
million) almost 1.5 million CT examinations were performed in 2018, which is an
130% increase compared to 20052 This is most probably due to the rapid
technological development of CT with dramatically improved spatial and temporal
resolution that has led to a shift from planar radiography and fluoroscopy
examinations to CT. It does however raise concerns over the risks associated with
an increased radiation exposure to the population (30% 2018 compared with 2005).
New CT technology and increasing number of examinations puts further emphasis
on the need for optimization of protocols and managing radiation and CM doses to
ensure diagnostic efficacy.

The goal of clinical CT is to produce images of the body with diagnostic quality at
the lowest possible radiation dose. The reduction of radiation dose is limited by the
degradation of image quality due to increase in image noise'*** which may affect
diagnostic quality. The image quality needed may however vary depending on the
clinical question that needs to be answered.

This thesis stretches over more than a decade of advances in CT technology with a
starting point a few years after the introduction of 16-MDCT systems in the
beginning of the 21% century. Since the start of this work we have seen the
introduction of many technical advances from automatic exposure control to the
gradual increase in number of detector rows with increased collimation, from 16 to
the present 64-320 rows, enabling us to cover a larger volume per rotation resulting
in shorter scan times. The introduction of stronger and more powerful X-ray tubes
and, maybe most importantly, a seemingly never diminishing increase in
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computational capacity has allowed for faster and ever more advanced
reconstruction algorithms and iterations of the image data.

Technique

A CT system consists of a gantry with a rotating X-ray tube that emits photons that
are detected by detectors that is placed on the diametrically opposite side. The
detectors measure the beam intensity at different angels(projections). In the image
reconstruction process the collected projection data, called raw data or sinogram
data are processed through complex mathematical algorithms to compute the
attenuation coefficient for each voxel to obtain an image. Thus, a CT image reflects
the attenuation of different tissues in the body. The attenuation is presented as CT
numbers relative to the attenuation of water, expressed in Hounsfield units (HU).

Multi-detector row CT (MDCT) allows for simultaneous acquisition of parallel
slices in one rotation. Increasing the number of slices per rotation results in larger
volume coverage and faster scan times. MDCT systems used in this thesis range
from 16 to 64x2 rows (using z-flying focal spot technique the number of
simultaneously acquired slices can be doubled).

Radiation dosimetry

CT utilizes ionizing radiation which is associated with a potential risk of inducing
cancer. The radiation dose is principally dependent on the selected tube current
(mA), peak tube potential (kV) and exposure time. In CT as in conventional
radiology there is a linear relationship between the tube current-time product (tube
loading, mAs) and radiation dose. The radiation dose affects image noise in such a
way that image noise is inversely proportional to the square root of the dose®, valid
for a linear reconstruction process.

The tube potential has a more complex exponential relationship to radiation dose.
When changing the tube potential, the radiation dose to the detector varies according
to the fraction of the final versus the initial tube potential to the power of 3.5.

kv
The radiation dose to the patient also change but only to the power of 2.5%.

V2 3.5
Radiation dose to detector = < >

jation d t tient = | —
Radiation dose to patien <kV1>
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Computed tomography dose index by volume (CTDlI,, mGy) is the fundamental
descriptor of radiation dose in CT. It represents a weighted average of radiation
output standardized to a 32 cm (body), or 16 cm (head) phantom. The patient dose
is dependent on the CTDlI,, but since the effective dose per energy imparted is
inversely proportional to body size*”, patient dose would be higher than indicated
by the CTDl.o for a patient smaller than the phantom and vice versa.

By multiplying the CTDI,, with the scan length the total radiation exposure of the
CT examination is obtained and defined by the dose-length-product (DLP,
mGyxcm)*2. The estimated effective dose (ED, mSv) which represent the estimated
stochastic risk of cancer induction may be obtained by multiplying DLP with an
appropriate conversion ED/DLP factor depending on anatomical region'**’.,

Image reconstruction

A prerequisite for the development of the first CT in 1970 was the calculative
capacity of the newly developed computer. The computational power is needed to
make all the mathematical calculations to reconstruct all the projection (raw) data
into an image. In the beginning an algebraic reconstructive technique, which is a
form of iterative reconstruction technique, was used but was quickly superseded by
faster analytic reconstruction techniques, notably filtered back-projection (FBP).
With increasing computational capacity iterative reconstructive techniques has once
again been introduced in the last decade in an effort to improve signal-to-noise
ratio®.

Filtered back-projection (FBP)

FBP is an analytic linear reconstruction algorithm that assumes an ideal relationship
between the attenuation measurements in the projection data with the pixel
attenuation in the image domain. All projection measurements are treated equally
and is processed only once. The acquired projection data is filtered through a
convolution filter (kernel) to prevent blurring and is then projected back into image
space to reconstruct an image *'. Different convolution filters may be applied to
enhance or diminish certain image characteristics depending on specific anatomical
applications such as soft tissue (smoothing) or bone (edge enhancement). FBP is a
fast and adequate reconstruction method that has been the golden standard almost
since the beginning of the CT era. The major drawback of FBP is the introduction
of noise caused by the convolution filters, which becomes apparent with increasing
image noise and artifacts when radiation dose is reduced.

Iterative reconstruction (IR)

Basic principle of IR algorithms begins with a model image created through back
projection which is then compared with the actual measured values repeatedly and
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adjusted until they are in agreement. Despite longstanding knowledge of the
theoretical advantages of IR to reduce noise and artifacts it was not until about a
decade ago that computational power was sufficient to allow IR into clinical
implementation. Commercially available IR algorithms from different vendors have
applied different approaches to the use of IR and the iterations may take place in the
projection domain or in the image domain or both depending on the algorithm used.
% The first generation of IR mainly used adaptive statistical IR methods taking into
account photon statistics, radiation attenuation and other statistics in the image
reconstruction process to reduce image noise. In later generations IR has moved
onto model-based IR methods or forward projected model-based IR. For the
iterations to take place in the projection domain forward projection is needed to
reconstruct projection data from image data. The complex non-linear mathematical
algorithms of forward projecting aim to model the acquisition process (CT system,
X-ray attenuation and detection process) as accurately as possible. It can take into
account photon statistics, allowing the algorithm to take lower noise projections into
higher considerations compared to higher noise projections. It can also take into
account general assumptions such as objects tend to have smooth changes in CT
numbers except at the edges. This enables iterative reconstruction algorithms to
reduce image noise while maintaining high-contrast spatial resolution. For low
contrast detectability however the IR algorithms may have difficulties in differing
between the edge of low contrast objects and noise making low-contrast spatial
resolution hard to maintain. IR algorithms can be said to have a contrast dependent
spatial resolution®.

In this thesis the second-generation IR algorithm by Siemens, Sinogram-Affirmed
Iterative Reconstruction (SAFIRE) was used. This algorithm iterates both in the
projection and in image domain with five levels of noise reduction (strengths). Noise
modelling for each iteration is performed by estimating the noise in each volume
element (voxel) by analyzing the contribution of raw data, then noise is removed *°.

120 kV versus 80 kV

By shifting the X-ray tube potential from 120 to 80 kV the mean photon energy is
reduced, from typically 69 to 54 keV (Siemens Definition Flash), but may vary
depending on CT system and filtration used. This brings the energy spectrum of the
photons closer to the binding energy of the electrons in the K-shell (33.2 keV) of
the iodine atom. This adds a photoelectric absorption component with direct
interaction with the electrons to the Compton effect that generally makes up for
most of the X-ray absorption. The Compton effect consists of photon interaction
with free or loosely bound electrons and is mainly dependent on the density of the
materia. Because of this added absorption the iodine attenuation increases from
about 25 HU per mg I/ml at 120 kV to 41 HU per mg I/ml at 80 kV as calculated
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from reference’. The amount of iodine can thus be reduced by 40% or a factor 1.6
for the same attenuation.

Contrast media

Even though one of the biggest advantages with CT compared to projection
radiography is the improved low contrast resolution, this may be further improved
by the use of CM to enhance the attenuation differences between pathological
lesions and various structures in the body such as vessels, bowels or
parenchymatous organs.

This thesis is based on the concept that by lowering the tube potential when
performing CT, the mean photon energy shifts towards a lower energy spectrum and
thereby making better use of the photoelectric properties of iodine, the principle
intravascular contrast medium for CT. Increasing the attenuation of iodine by
decreasing the X-ray tube potential may have two practical advantages. It could
either be used to increase the contrast in the images and thereby allowing for
reduction of the radiation dose while keeping the CNR unchanged. Or it could be
used to lower the amount of CM needed while maintaining the same attenuation
level. The reason for doing the latter is the potential nephrotoxic effects iodine CM
may have on the kidneys. This holds especially true for elderly patients, that has a
higher prevalence of reduced renal function, diabetes and other risk factors.

According to the guidelines of the Swedish Society of Urogenital Radiology™
regarding patients at risk of CI-AKI the CM dose should be kept as low as
reasonably achievable according to the ALARA principle and preferably the gram-
iodine/absolute GFR ratio should not exceed 0.5 at CT.

In CT pulmonary angiography (Paper I and II) the crucial thing is to give enough
CM to achieve adequate enhancement of the pulmonary vessels and to time scanning
with peak enhancement, usually by bolus tracking technique. The primary factor
that influence vascular CM enhancement is the CM dose rate, i.e. the amount of CM
administered per kg body weight and time unit, mg I/kg/sec®**** the injection time
should be adapted to the scanning delay set after enhancement has reached the bolus
tracking threshold and expected scan-time with some margin to account for
individual differences. An important patient related factor affecting both scan timing
and CM enhancement is cardiac output. If cardiac output is reduced the CM will
take longer time to arrive in the pulmonary circulation but the peak enhancement
will increase because of less dispersion of the CM bolus and less dilution from
inflowing non-CM containing blood®.
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In CT of parenchymatous organs such as the liver the CM injection rate is of minor
importance as the CM enhancement is principally determined by the total amount
of iodine administered into the body’.

Contrast media induced acute kidney injury

CI-AKI has been a feared complication with increased morbidity and mortality®'.
More recent studies, based on retrospective propensity-scored controlled studies
suggests that the risk has been overestimated, especially regarding i.v. injections
following CT'*°. Thus, the ESUR guidelines regarding the GFR threshold
indicating a risk of CI-AKI following i.v. CM injections has gradually been lowered
throughout the years, from 60 mL/min/1.73 m? (ESUR guidelines 7.0, 2008) to 45
mL/min/1.73 m* in 2011% and finally 30 mL/min/1.73 m* in 2018%. The 2017
Swedish guidelines by SSUR holds a more conservative attitude with a GFR
threshold of 45 mL/min, since retrospective controlled studies implies a risk for
selection bias and their level of evidence has been graded as low in a systematic
review by the Radiological Society of the Netherlands’®. These guidelines reflect
the GFR risk thresholds for CI-AKI selected during the course of time in the papers
of the present thesis”.

Image quality

The aim of clinical CT imaging is to produce images of clinically important
anatomical structures and pathological processes for the diagnostic task at hand
using the lowest possible radiation and CM dose.

Parameters of image quality

Image quality in CT reflects how well the acquired images represents the real
anatomy and depends on four basic factors:

e Low contrast resolution — the ability to differentiate between objects with small
attenuation difference primarily influenced by image noise.

e Spatial resolution (high contrast resolution) — the ability to resolve two objects
close together as separate objects. Usually determined using high-contrast
objects. This ability is mainly dependent on detector size, focal spot size,
reconstruction matrix, field-of-view (FOV) and slice thickness.
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e Noise — the random fluctuation of CT numbers in individual image elements
within a homogenous structure. The noise is inversely proportional to the
number of photons that contribute to each detector measurement.

e Artifacts — structures seen on images that are not representative of the actual
anatomy. Artifacts can be related to the technical issues (beam hardening,
photon starvation and partial volume) or patient related (metal and motion
artifacts)

Depending on the diagnostic task these factors interact to determine the quality of
the examination.

Objective evaluation

There are several ways to evaluate image quality. The following objective
measurable parameters were used in this thesis to evaluate image quality in patients
and/or phantom:

e Mean attenuation (HU) in a homogenous region of interest (ROI) to evaluate
density or contrast medium enhancement.

e Image noise (HU) is expressed as one standard deviation (SD) of the mean
attenuation in the ROI, assuming normal distribution. Noise power spectrum
(NPS) show the distribution of noise over the spatial frequencies.
Signal-to-noise ratio (SNR) represents the attenuation to image noise
Contrast-to-noise ratio (CNR) represents the difference in attenuation between
two structures divided by image noise. May be used to assess low-contrast
resolution.

e Spatial resolution can be measured by scanning an image quality phantom
including a wire or bar pattern and calculating the modulation transfer function
(MTF). The MTF describes the spatial frequency response, i.e. the relative
contrast at a given spatial frequency reproduced by the imaging system*.
Spatial resolution is often presented as frequency for a given percent of the
MTF, usually 10%, often called the limiting spatial resolution i.e. the frequency
where the contrast has dropped to 10 % of the maximum value.

Subjective evaluation
The subjective image quality may either be assessed using diagnostic acceptability
based on image quality characteristics or diagnostic performance.

Diagnostic acceptability reflects image quality and may be assessed by visual
grading analysis (VGA) of different image criteria such as reproduction of
anatomical structures, noise and the presence of artifacts. The grading may either be
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used in an absolute manner where the observer uses a predefined scale, usually of
four to five steps, or in a relative manner where the observer compares images in a
side-by-side manner. The assessment of diagnostic acceptability is not a direct
measure of diagnostic performance as it does not depend on pathological finding
but rather rests on the assumption that reproduction of anatomical structures
correlates with the ability to find pathology. The advantage of using diagnostic
acceptability is that it makes study design easier. Diagnostic performance studies
can be difficult to perform as they require a god balance between known cases with
and without pathology determined by a reference standard.

The grading may either be used on the overall image quality (Paper I and II) or
dichotomized into several different specific criteria (Paper IV and V). The grading
scale chosen should be adapted to the purpose of the study and reflect clinically
relevant differences.

Visual grading characteristics (VGC) analysis

Grading of image quality is done on an ordinal scale as the differences between
grading steps may not be proportional. This means that, from a statistical point of
view, statistical methods that require interval scales and normal distribution of data
cannot not be used. Instead a non-parametric rank invariant statistical method such
as VGC ' may be used to compare image quality between two groups. In the VGC
analysis image quality ratings between two groups, reference and test, are compared
by producing a VGC curve. VGC analysis uses methodology developed in ROC
analysis and the VGC curve is obtained by plotting the cumulative distributions of
rating data for the two groups compared against each other. Observers are not
compared to each other and may therefore use different definitions to the grading
scales without affecting the result. The figure of merit in the VGC analysis is the
area under the curve (AUCvgc) with a confidence interval of 95%. This is a measure
of separation between the two rating distributions for the two groups and receives a
value between 0 and 1, AUCygc = 0.5 indicates that the two groups have received
similar ratings on average. If AUCvgc>0.5 indicates that the test group has received
higher ratings and AUCvgc <0.5 indicates that the reference group has received
higher ratings. If the value 0.5 is not included in the confidence interval a
statistically significant difference is established.

The VGC analysis only provides information about the relative image quality in one
group compared to that of another group, not about the image quality per se.

28



A1ms

The main objective of this thesis was to evaluate the feasibility to use low kV
technique CT in patients considered at risk of CI-AKI to minimize the amount of
potentially nephrotoxic contrast medium needed to produce diagnostic images.

Paper 1

e To assess the diagnostic quality and potential risk of CI-AKI when using
80-kV CTA of the pulmonary arteries with reduced CM dose adapted to
body weight and scan time in patients with moderately to severely
decreased renal function.

Paper 11

e To assess the feasibility to further optimize our CTA protocol of the
pulmonary arteries from Paper [ when using 80 kV with automatic exposure
control and further reduced CM dose by decreasing injection time.

Paper 111

e To evaluate the potential impact of iterative reconstructions (Siemens
SAFIRE) on image quality, image noise and low-contrast object detection
at different X-ray tube potentials and radiation doses in an abdominal CT
phantom model.

Paper IV

e To evaluate image quality in 80-kV CT of the liver with reduced CM dose
and tube loading compensation to control image noise in patients with
decreased renal function.

Paper V

e To evaluate the impact of iterative reconstruction algorithms (Siemens
SAFIRE) to control image noise in 80-kV hepatic CT without tube loading
compensation.
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Material and methods

Study subjects

This thesis includes three cross-sectional patient studies with a total of 179 patients
considered at risk of CI-AKI and 188 patients not considered at risk as controls. In
both instances risk assessment was based on eGFR. Patient data are summarized in
Table 1.

In Paper I 89 consecutive patients with clinical suspicion of acute PE and reduced
renal function defined as eGFR <50 ml/min were included and examined with a 80-
kV CT pulmonary angiography (CTPA) protocol with a reduced CM dose and tube
loading compensation (TLC) to control image noise. As a reference group 148
consecutive patients with clinical suspicion of acute PE and eGFR >50 ml/min were
included and examined with the standard CTPA protocol at 120-kV.

In Paper II another 50 consecutive patients with the same inclusion criteria as the
previous study were examined with an optimized 80-kV CTPA protocol with further
reduced CM dose, shorter injection time and automatic exposure control. This group
was then compared with the 80-kV cohort from Paper I

Paper III was a phantom study.

In Paper IV and V 40 consecutive patients with reduced renal function, defined as
eGFR <45 ml/min referred for CT of the abdomen were examined with a 80-kV
protocol with reduced CM dose containing two scans in the portal venous phase,
one scan of the liver without TLC immediately followed by one scan of the entire
abdomen with TLC. The extra scan led to an increased radiation exposure, therefor
approval from the ethical and radiation protection committee and informed consent
was needed.

In Paper IV 40 consecutive patients with eGFR >45 ml/min were included as a
control group and examined with our standard abdominal 120-kV CT protocol. In
Paper V the patients served as their own control when comparing the two 80-kV
scans.
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Table 1.
Overview of study subjects, median values (2.5 and 97.5 percentiles) presented unless otherwise stated.

Paper | Paper Il Paper IV and V
Examined organ Thorax Thorax Abdomen
Cases / controls Cases Controls Cases Cases Controls
Inclusion time April 2004 April November June June
- 2004 2007 2015 2015
March - - — -
2006 March October March July
2006 2008 2016 2015
Number of patients 89 148 50 40 40
Male : female 26 :63 80:68 11:39 22:18 17 :23
Age (years) 84 69 84 79 71
(58-95) (26-86) (67-96) (69-89) (42-85)
Weight (kg) 68 77 65 62 73
(43-96) (50-111) (43-84) (46-88) (49-95)
Body mass index NR? NR 24 23 25
(kg/m?) (18-31) (19-30) (17-29)
Plasma creatinine 101 77 97 117 77
(umol/l) (48-165) (47-124) (66-156) (75-168) (48-117)
eGFR (ml/min) 38 83 36 39 70
(22-82) (43-161) (21-45) (31-45) (50-102)
Number of scans 1 1 1 2 1
Radiation No No No Yes No
protection
approval
Research ethical No No No Yes Yes
approval
Informed concent® No No No Yes Yes

2NR =not reported

b All patients received written information that examination data including national identification
number was collected in a registry as a part of the hospital’s quality assurance program. The
registry was reported to the Data Protection Officer according to the Personal Data Act.
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CT parameters

In three studies (Paper I, Il and I'V) the 80-kV CT protocols were designed to provide
the same image quality and image noise as the clinical routine 120-kV protocols by
increasing effective tube loading (mAs). In the first two studies this was done in the
thorax on a 16-MDCT system. In Paper IV the abdomen was examined with a
modern 128-MDCT system with a more powerful X-ray tube that had the capacity
to produce effective tube loadings required for abdominal examinations at 80 kV.

In Paper III the potential of mitigating the need for extensive increase of tube
loading when using low-kV protocols by using IR algorithms was investigated on
an abdominal phantom and in the last study (Paper V) this was put to the test in a
clinical setting.

An overview of the scanning parameters used in the clinical studies are summarized
in Table 2.

In the first study (Paper I) the effective tube loading was manually adapted to patient
circumference®’. To keep image noise at 80 kV unchanged compared with 120 kV
effective tube loading had to be increased by roughly a factor of four®. To reach a
high enough effective tube a pitch of 0.5 had to be used. The downside to this meant
doubling the scan-time from 3-5 seconds to 6-10 seconds. To mitigate the risk of
breathing artefacts due to prolonged scan time the scanned area was reduced to
include only the pulmonary arteries from above the aortic arch to below the base of
the heart. On newer faster CT systems this limitation has been overcome.

At the time of the second study (Paper II) the introduction of automatic exposure
control meant that the manual adaption of radiation dose to patient circumference
could be omitted. In the last two studies the technique for automatic exposure
control had evolved even further to include modulation in the longitudinal direction
of the scan as well.

In the last study (Paper V) the results from the phantom study (Paper III), that
showed a potential for managing image noise when using iterative reconstructions,
was used in a clinical setting. Image quality based on our standard 80-kV protocol
with TLC in patients with risk of CI-AKI was compared with an 80-kV protocol
using IR algorithms to control image noise without TLC with the patients acting as
their own controls. The extra scan was covering approximately 10 cm of the liver in
a caudo-cranial fashion just before the standard 80-kV abdominal scan and done in
the same breath hold. This added approximately 4-5 seconds on the total scan-time.
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Table 2.

Overview of CT scaning parameters in the clinical studies

Examined organ
CT system
Tube voltage (kV)

Mean photon
energy (keV)

Maximum tube
current (mA)

Reference effective
tube loading (mAs)

Detector
configuration

Pitch
Rotation time (sec)
Exposure control

Scan direction

Scanned area

Approximate scan
time (sec)

Matrix
Convolution kernel

Reconstruction
algorithms

Slice
thickness/increment
(mm)

Paper |

Thorax

Paper Il

Siemens Somatom Sensation 16

80 120
53.3 66.7
380 500
380 100

16 x1.5 16 x1.5

0.5 1

0.5 0.5
Manual?

Cranio - Cranio -
caudal caudal
Aortic arch Aortic arch
base of base of
the heart the heart
6-10 3-5
512 x 512
B40f B40f
FBP FBP
3/2 3/2

80
53.3

380

350

16x1.5

0.5
0.5
CareDose

Cranio -
caudal

Aortic arch

base of the
heart

6-10

512 x 512
B40f
FBP
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Paper IV and V

Abdomen
Siemens Somatom Definition Flash
80 80 120
54 69
650 800
170 680 170
128 x 0.6° 128 x 0.6°
1 0.5 1
0.5 0.5
CareDose 4D
Caudio - Cranio - Cranio -
cranial caudal caudal
Approx.10 Diaphram Diaphram
cm of the _ _
liver - .
iscial iscial
tuberosity tuberosity
4-5 9-13 5-7
512 x 512
130f B30f B30f
SAFIRE FBP FBP
3,5
5/3 5/3 5/3

2 Individual tube loading was based on a standard reference patient with 88 cm circumference and
then adapted to each patient by measuring the thoracic circumference and using a “half-value
thickness” of 9 cm i.e. the change in diameter that doubled or halved the tube loading.

b z-axis “flying focal spot” technique is used to obtain twice as many projections per rotation as

detector rows

Phantom study

In Paper III the impact of IR algorithms (Siemens SAFIRE) on iodine attenuation,
quantum noise, noise characteristics, spatial resolution and low-contrast object
detection at different tube potentials was performed on an image quality phantom
Catphan 600 (The Phantom Laboratory Greenwich, NY, USA). This phantom
consists of different modules for assessment of image quality shown in Figure 3. To
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simulate a “normal-sized” patient of about 80 kg an oval annulus (25 x 35 cm; 95
cm circumference) was applied around the phantom.

Figure 4. Image quality phantom Catphan 600®

Various assessed modules. Module A: Rounded objects of different materials with various CT numbers including a
chamber with iodine contrast medium (7 mg I/ml) (arrow). Module B: Homogenous section without objects for
measuring and characterizing image noise. Module C: High density wires to evaluate spatial resolution. Module D:
Three sets of low-contrast objects with descending size at different attenuation. Black circles for measuring
attenuation. Published with permission from Acta Radiolgica.

The scanning parameters were based on our clinical standard abdominal CT
protocol at 120 kV with a reference effective tube loading of 170 mAs. Acquisitions
were then made at different tube potentials (70 — 120 kV) at a fixed effective tube
loading (170 mAs) and at a fixed absorbed radiation dose (CTDIyo1= 10 mGy). The
radiation dose was measured for each tube potential in a 32 cm CTDI-phantom using
a CT Dose Profiler (RTI, Molndal, Sweden). Acquisition parameters are
summarized in Table 3.
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Table 3.

Acquisition parameters from the Catphan 600® phantom study (Paper IlI).

CT system
Detector configuration
Reconstruction algorithms

Kernel (FBP/SAFIRE)

Slice thickness/increment (mm)

Tube potential (kV)

Mean photon energy

Maximum tube current (mA)

Effective tube loading (mAs)

Pitch
Rotation time (s)
CTDlvo (MmGy)

Siemens Somatom Definition Flash
128 x 0.6
FBP and SAFIRE 1 -5
B30f/130f
5/5

70 80 100 120
49 54 62 69
500 650 650 800
170 932 170 568 170 279 170
0.6 0.5 0.6 0.5 0.6 0.6 0.6
0.5 1.0 0.5 0.5 0.5 0.5 0.5
1.9 10 3.1 10 6.1 10 10

Contrast medium dose

In all the clinical studies the CM dose was adapted to body weight up to 80 kg with
the rationale that weight exceeding 80 kg to an increasing extent is made up of
adipose tissue that contributes only minimal to the extracellular volume, the
principal distribution volume of iodine CM. A summary of the injection parameters
used are summarized in Table 4.

Table 4.

Overview of contrast medium injection protocols used in the clinical studies.

Examined organ
CT system

Contrast medium
dose (mg I/kg)

Injection duration (s)

CM dose rate
(mg l/kg/s)

Salin chaser (50 ml)

Automatic bolus
tracking (ROI)

Scan delay? (s)

Paper | Paper Il
Thorax
Siemens Somatom Sensation 16
200 320 150
15 12
13.3 213 12.5
Yes Yes Yes
Central Central Central
pulmonary pulmonary pulmonary
artery artery artery
5 5 4

Paper IV and V

Abdomen
Siemens Somatom Definition Flash
300 500
30

12 20

Yes Yes
Upper Upper

abdominal abdominal

aorta aorta

50 50

2 Delay from the time when CM enhancement reach the set threshold value during automatic bolus

tracking.
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Automatic bolus tracking with a region of interest (ROI) in the central pulmonary
artery (Paper I and II), or in the upper abdominal aorta (Paper IV and V) was used.
A saline “chaser” injection immediately followed the CM injection with the same
injection rate to push the remaining CM from the arm veins into the central
circulation. By dosing per kg body weight, adapting injection duration to scan time,
using bolus tracking and a saline chaser we could reduce the CM dose at CTPA
from the, at the time (Paper I), commonly used 28-55 grams of iodine* to
approximately 25 grams in our standard 120-kV protocol which was set to 320 mg
I/kg. In our 80-kV protocol the amount of CM was reduced by 40% to 200 mg I/’kg
since iodine attenuation increases by approximately a factor 1.6 when decreasing
tube voltage from 120 to 80 kV'***. Both protocols used a fixed injection time of 15
seconds and a variable injection rate.

In the following study (Paper II) based on the results from the first study the CM
dose was further reduced to 150 mg I/kg by shortening the injection time but keeping
the CM dose rate virtually unchanged.

In paper IV and V, the CM injection parameters used were based on the routine
clinical protocol for the abdomen at 120 kV (500mg I/kg) and then adapted to the
80-kV protocol with reduction of CM dose by 40% (300mg I/kg), while keeping the
injection duration, automatic bolus tracking and scan delay unaltered.

Contrast medium-induced acute kidney injury

In the first two studies (Paper I and II) a retrospective follow-up over three months
was conducted reviewing the patient medical charts, laboratory systems, death
certificates and the regional radiological request system for signs of kidney injury
and venous thromboembolic events. Comorbid conditions associated with the
development of CI-AKI were also collected in Paper I. CI-AKI was defined as rise
in plasma creatinine >44.2 pmol/l from baseline within one week after CTPA.

Radiation dose

The mean effective tube loading (mAs), CTDIvol and DLP as presented by the CT
system was registered. The effective radiation dose (ED) was calculated from DLP
by multiplication with the region-specific ED/DLP conversion factor
(Table 5)***"!, In Paper V the DLP was not applicable since the extra scan was not
a complete abdominal scan. As the patients in this study served as their own controls
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instead the CTDI,, for each scan level used for attenuation measurements in the
liver was registered and presented for comparison.

Table 5.
ED/DLP conversion factors that were used.

| 80 kV | 120 kV
Thorax | 0.015 | 0.017
Abdomen | 0.0151 | 0.0153
Pelvis | 0.0128 | 0.0129

Image reconstruction

Filtered back-projection (FBP) reconstruction was used as a baseline for all studies
included in this thesis. In the phantom study (Paper III) the effect of using IR
algorithms from Siemens Healthineers (Forchheim, Germany), Sinogram affirmed
iterative reconstruction (SAFIRE) at different strengths (1-5), and at different tube
potentials to control image noise was investigated and compared to FBP. In Paper
V the results from the phantom testing were investigated in a clinical setting with
the utilization of IR algorithms SAFIRE strength 3 and 5.

In all other aspects of image preparation, choosing slice thickness, increment and
kernels the clinical routine used at the time for CTPA (Paper I and II) or abdominal
CT (Paper 111, IV and V) was applied.

Table 6.
Overview of image reconstruction data

Paper | Paper Il Paper Il Paper IV Paper V

Examination type CTPA CTPA CT CT CT
Abdomen Abdomen Abdomen

CT system Siemens Somatom Sensation 16 Siemens Somatom Definition Flash
FBP Yes Yes Yes Yes Yes
IR algorithm No No SAFIRE No SAFIRE
IR levels - - 1,2,3,4,5 - 3,5
Convolution B40f B40f B30f, 130f B30f 130f
kernel
Slice thickness 3 3 5 5 5
(mm)
Increment (mm) 2 2 5 3 3
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Image quality

Objective image quality was measured in a similar way in all the clinical studies by
measuring attenuation, CM enhancement, image noise and calculating SNR and
CNR. Subjective image quality was graded using a variety of methods (Table 7).

All objective and subjective evaluations were done on axial images using a
radiological PACS (Picture Archiving and Communication System) workstation
(Sectra AB, Linkoping, Sweden) with a medical grade high luminance display
monitor.

Table 7.
Overview of methods and meassures used for image quality assessment.

Paper | Paper Il Paper Il Paper IV Paper V
Objective methods
CT numbers (HU) . . . . .
Noise (SD) . . .
Signal-to-noise ratio (SNR) . . .
Contrast-to-noise ratio (CNR) . . . . .
Noise-power spectrum (NPS) .
Spatial resolution (MTF) .
Subjective methods
Number of observers 2 2 4 4 4
Overall image quality
Low-contrast resolution .
Inter-observer agreement
Intra-observer agreement

Objective evaluation

In the clinical CTPA studies (Paper I and II) vascular density and image noise (1
standard deviation, SD) was measured in Hounsfield units (HU) using a ROI in the
left pulmonary artery and in a lower lobe segmental artery. SNR was calculated as
the vascular density divided by image noise. Because this was a clinical study where
the aim of the examination was to depict the presence or absence of pulmonary
embolism, CNR was calculated as the vascular density minus the density of a fresh
emboli, set to 70 HU, divided by image noise.

In the clinical hepatic CT studies (Paper IV and V) CM enhancement of the liver
and image noise was measured in a standardized fashion placing a ROI in nine
different locations for an averaged mean hepatic attenuation and image noise. SNR
was calculated as the hepatic attenuation divided by image noise. CNR was
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calculated as the hepatic attenuation minus the attenuation of the rectus abdominis
muscle divided by hepatic image noise.

In the phantom study (Paper III) the image quality statistical data and the spatial
resolution (MTF) was obtained using an automated program (AutoQA Lite v.3.1.01;
Iris QA, LLC, Frederick, MD, USA) to assess the relevant modules in the phantom.
The iodine attenuation and image noise were obtained by using a region of interest
(ROI) in module A and B respectively, (Figure 4). The distribution of the noise over
the frequency spectra (NPS) was calculated from a ROI of 84.7 cm? in the center of
the phantom in module B (Figure 4) using an imaging process program ImageJ
(v1.48; National Institute of Health Bethesda, MD, USA) with the plug-in Radial
Profile Plot (by Paul Baggethun, v14, May 2009; Pittsburgh, PA, USA). The low-
contrast resolution was assessed in module D (Figure 4) which contained three sets
of cylinders of diminishing size from 15 to 2 mm with nominal contrast of 1.0 %,
0.5% and 0.3%, which corresponds to approximately 10, 5 and 3 HU respective
difference in attenuation compared to the background. The attenuation was
measured with a ROI placed in the largest of the cylinders for each set. CNR was
calculated as the cylinder attenuation minus the background attenuation divided by
the image noise.

Subjective evaluation

In Paper I subjective overall image quality was evaluated by two of the authors and
reached by consensus. In Paper Il image quality was evaluated by two independent
readers. In both studies image quality was assessed at a fixed window level of 100
HU and a width of 400 HU. A grading scale of four steps was used.

e Excellent — Good opacification of PA without visible noise or artifacts

e Adequate — Good opacification of PA with visible noise and/or artifacts but
with clear depiction of all pulmonary arteries including the subsegmental

e Suboptimal — When subsegmental PA could not be adequately evaluated
Non-diagnostic ~-When segmental PA could not be evaluated.

In the phantom study (Paper III) the subjective evaluation of low-contrast resolution
was done in consensus between four observers deciding on the smallest discernible
cylinder in each of the three cylinder sets on randomly presented images using the
viewing and scoring software Viewer for Digital Evaluation of X-Ray images
(ViewDEX v 2.0, The Sahlgrenska Academy at University of Gothenburg,
Gothenburg, Sweden).

In the last two studies (Paper IV and V) a subjective visual grading characteristics
(VGC) assessment was made by four radiologists blinded to acquisition parameters.
All image stacks were graded individually in a randomized order using eight quality
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criteria statements based on the European guidelines on quality criteria '* and graded
on a 5-point ordinal scale to what degree they agreed with the statement (Table 8).

Table 8.
Subjective evaluation criteria selected based on European guidelines and a 5-point graing scale
Evaluation criteria (A-H) Grading scale (1-5)
Visual sharp reproduction of: 1. Confident that the criterion is not fulfilled

A. Interface between liver parenchyma and intrahepatic veins 2. Somewhat confident that the criterion is not fullfilled

B. Adrenal glands from adjacent structures 3. Indecisive wether the criteron is fulfilled or not
C. Non-calcified part of the aortic wall 4. Somewhat confident that the criterion is fulfilled
D. Extrahepatic bile ducts 5. Confident that the criterion is fulfilled.

E. Pancreatic contours

To what degree do you concur with following statements:
F. There is overall low or minimal noise

G. There are no significant arifacts

H. There is overall high image quality

Scoring was done using the ViewDEX software and analyzed using the VGC
Analyser, version 1.0.2 software (The Sahlgrenska Academy at University of
Gothenburg, Gothenburg, Sweden). Intra observer agreement data was obtained by
six randomized stacks that were analyzed twice.

Statistical evaluation

In Paper I parametric statistical methods were used to compare the mean pulmonary
artery attenuation, quantum noise and CNR between the two patient groups. Our
null hypothesis was tested using a t-test and, because the cohorts were not paired a
regression model with adjustments for differences in gender, age, body weight,
cardiac disease and chronic obstructive pulmonary disease were applied. A p-value
of <0.05 was considered statistically significant.

In Paper II a non-parametric Mann-Whitney U test was used to analyze differences
in subjective grading of the image quality between the two patient groups. The
degree of inter-observer agreement was assessed using Cohen’s kappa statistics.

In Paper IV and V normal distribution of data and homogeneity in variances was
tested with Shapiro-Wilk test and the F-test. Comparison between the groups
regarding objective measurements was done using an independent samples t-test in
Paper IV and with a paired sample t-test in Paper V. The degree of intra-observer
agreement was assessed using Cohen’s kappa statistics. After Bonferroni correction
for multiple comparisons the level of statistical significance was set to 0.004 in
Paper IV and 0.002 in Paper V. Subjective image quality was compared between
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the included cohorts using Visual grading characteristics (VGC) analysis software,
a non-parametric rank-invariant statistical method for comparing visual grading.

Ethical considerations

Paper I and II were cross-sectional retrospective register studies and a part of the
hospital’s (Lasarettet Trelleborg) quality assurance program and by that time no
informed consent or approval from the local ethical committee was needed.
However, all patients were informed according to the local Personal Data Act, that
examination data regarding name, national identification number, diagnostic
quality, CM and radiation doses, laboratory data and diagnoses were to be saved for
5 years and then be anonymized, and each patient has the right to apply for
information regarding these data.

Paper III was a phantom study.

Paper IV and V were approved by the ethical and radiation protection committee of
Lund (Dnr 2015/63) and as the examination involved an additional CT scan with
subsequent increased radiation informed consent was required.
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Results

Paper I

This study evaluated the feasibility to reduce the amount of contrast medium by
40% when performing CTPA with reduced tube potential from 120 kV to 80 kV and
TLC to control image noise.

Because the patients were recruited consecutively based on their estimated renal
function the patients in the 80-kV cohort were generally older, to a larger extent
female and weighed less than in the 120-kV cohort. The prevalence of diabetes in
the 80-kV cohort was also twice that of the 120-kV cohort.

Results are summarized in Table 9. The pulmonary artery (PA) attenuation was not
significantly different between the two protocols. Though the 80-kV protocol
resulted in slightly higher image noise, CNR was not significantly different between
the two groups in the unadjusted analyses. However, when adjusted for age, gender,
body weight, cardiac disease and chronic obstructive pulmonary disease (COPD),
CNR was significantly lower in the 80-kV cohort. Both protocols showed a
significant association between decreasing CNR and increasing body weight
because of increasing image noise with increasing body weight.

In the subjective evaluation both protocols performed equally with about 5% of the
examinations being regarded as suboptimal in each group.

The prevalence of pulmonary embolism in the 80-kV cohort was twice that of the
120-kV cohort (22% vs 11%). During the 3-month follow-up there was one patient
in the 80-kV cohort and two patients in the 120-kV cohort with initially negative
studies that where diagnosed with thromboembolic disease. Re-evaluation of the
CTPA studies for these patients did not show any evidence of pulmonary embolism.
No evidence of CI-AKI was found in either cohort.

43



Paper 11

The aim of this study was to see if an optimized 80-kV CTPA protocol with further
reduction of CM dose by shortened injection time better adapted to the scan time
would perform at the same level as the 80-kV cohort from Paper I.

There was no significant difference in basic patient characteristics in the new patient
cohort regarding age, gender, body weight and kidney function compared to the 80-
kV cohort from Paper I. Despite a lower CM dose there was no significant difference
in PA attenuation, image noise or CNR between the two 80-kV protocols (Table 9).

Table 9.
Summary of results from Paper | and I, median values (2.5 and 97.5 percentiles) presented unless otherwise stated

| Paper | 120kV Paper 180KV |  Paperll 80KV
Contrast medium dose
Gram iodine 25 (16-26) 13 (8.2-16) 9.6 (6.4-12)
mg iodine/kg 320 (231-320) 200 (160-207) 150 (129-160)
Dose rate (mg I/kg/sec) 21 (15-21) 13 (11-14) 13 (11-13)
Radiation dose
CTDlvol (MGy) 7.7 (5.1-14) 5.6 (2.6-8.3) 5.6 (4.5-8.2)
DLP (mGyxcm) 251 (144-433) 166 (74-247) 159 (125-215)
Effective dose (mSv) 4.3 (2.4-7.4) 2.8 (1.3-4.2) 2.4 (1.9-3.2)

Objective evaluation of image qua
PA attenuation (HU)

lity
344 (184-531)

351 (199-563)

353 (164-495)

Image noise,1 SD (HU) 22 (13-31) 23 (13-39) 26 (16-51)
Contrast-to-noise ratio 13 (5.9-24) 12 (6.4-26) 11 (4.4-22)
Subjective evaluation of image quality Observer

1 2
Excellent (%) 62 43 44 34
Adequate (%) 33 52 48 54
Suboptimal (%) 5 5 8 12
Non-diagnostic (%) 0 0 0 0
Interobserver agreement (kappa) 0.76

Pulmonary embolism

17 patients (11%)

Follow-up 3-months after negative CTPA

20 patients (22%)

7 patients (14%)

Number of patients (excluded?) 119 (12) 65 (4) 40 (2)

VTE after negative CTPA 1 patient (1.4%) 2 patients (1.7%) 0P

CI-AKI 0 0 0
Deaths® 15 patients (13%) 16 patients (26%) 8 patients (20%)

2 Patients excluded were on long-term anticoagulation for reasons other than VTE

b One patient was retrospectively found to have a small PE in a sub-segmental branch. 3-month
follow-up without anticoagulation was however uneventful

¢ None of the deaths were attributed to VTE
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There was no significant difference in basic patient characteristics in the new patient
cohort regarding age, gender, body weight and kidney function compared to the 80-
kV cohort from Paper I. Despite a lower CM dose there was no significant difference
in PA attenuation, image noise or CNR between the two 80-kV protocols (Table 9).
As in the previous study image noise tended to increase with increasing body
weight. As PA attenuation also tended to increase, CNR showed only a weak
tendency to decrease.

There was no significant difference in subjective image quality between the two
groups and there was good inter-observer agreement.

The prevalence of PE was 14%. During subjective image quality analysis one false
negative diagnosis was found in a subsegmental pulmonary artery, three-month
follow-up without anticoagulation was however uneventful. None of the remaining
patients with negative CTPA was diagnosed with venous thromboembolism (VTE)
during the three-month follow-up. There was no evidence of CI-AKI found during
follow-up.

PA attenuation, image noise and CNR in the 80-kV cohort in Paper II using 150 mg
I/kg were also comparable to that of a 120-kV cohort using 300 mg I/kg examined
on the same CT equipment in 2007, with the same injection time (12 sec) and delay
following bolus tracking (4 sec) as in Paper II; median values for PA attenuation
332 HU, image noise 22 HU and CNR 12 ", This implies that the CM dose at 80
kV may be halved compared with that of a standard 120-kV protocol.

Paper 111

This phantom study evaluated the impact of iterative reconstructions (Siemens
SAFIRE) on iodine attenuation, quantum noise, noise characteristics, spatial
resolution and low-contrast object detection at different tube potentials, both with a
fixed radiation dose of 10 mGy (CTDlI,) and with a fixed tube loading of 170 mAs.

The iodine attenuation increased with a factor 1.6 and image noise by a factor 1.9
when decreasing the tube potential from 120 to 80 kV. Iterative reconstructions did
not influence the attenuation of iodine

Image noise decreased in a linear fashion with increasing iterative strength. At
SAFIRE 5 the image noise decreased with about 50% compared with FBP at all
tube potentials.

There was a tendency for increased high-contrast spatial resolution with increasing
SAFIRE strength. The noise power spectra (NPS) had a similar profile for all tube
potentials. The curve form (Figure 5) represents the distribution of noise over the
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spatial frequencies and the area under the curve corresponds to the amount of noise.
With increasing SAFIRE strength the noise was lower, but the impact was more
profound in the higher spatial frequencies leading to a relative shift in noise
distribution towards the lower spatial frequencies (Figure 5).
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Figure 5. Noise power spectra at 120 kV
D. Noise power spectra at 120 kV for FBP, SAFIRE 1, 3 and 5, the profile was the same for all other tube potentials.
Published with permission from Acta Radiologica.

The evaluation of low-contrast resolution at 80 and 120 kV is presented in Figure 6
and 7. At a fixed radiation dose CNR and the number of discernible objects with a
nominal contrast 1.0% (about 10 HU) was similar at 80 and 120 kV (Figure 6a).

At a fixed tube loading (170 mAs) the noise increased when the tube potential was
decreased from 120 to 80 kV resulting decreased CNR (Figure 6b). CNR increased
with increasing SAFIRE strength at both potentials. In the initial subjective
evaluation where each image was viewed separately the number of discernible
objects did not seem to improve with increasing SAFIRE strength at 80 kV as
opposed to 120 kV. A side-by-side comparison (Figure 7) did however indicate an
increasing discernability of low-contrast objects with increasing SAFIRE strength
at 80 kV. Moreover, the discernibility of objects with a nominal contrast 1.0% at
80-kV with SAFIRE 5 was similar to 120-kV with FBP even though more objects
with less contrast was seen at 120-kV. This was the motive for the study in Paper V.
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Figure 6a. Evaluation of low-contrast resolution at a fixed radiation dose (10 mGy) at 80 and 120 kV
Low-contrast resolution evaluated both objectively by measuring CNR compared to the background attenuation and
subjectively by the number of discernable objects at a fixed radiation dose (CTDlvo = 10 mGy). Extract from published
data, published with permission from Acta Radiolgica.
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Figure 6b. Evaluation of low-contrast resolution at a fixed tube loading (170 mAs) at 80 and 120 kV
Low-contrast resolution evaluated both objectively by measuring CNR compared to the background attenuation and
subjectively by the number of discernable objects at a fixed tube loading (170 mAs). Extract from published data,
published with permission from Acta Radiolgica.
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FBP SAFIRE 1 SAFIRE2 SAFIRE3  SAFIRE4  SAFIRE 5

Figure 7. Side-by-side comparison of low-contrast objects

Side-by-side comparison of discernability of low-contrast objects (1.0%) for FBP and IR SAFIRE strength 1-5 at 80
and 120 kV tube potential with a fixed tube loading (170 mAs). The discernability of objects at 120 kV/FBP is similar
to that of 80 kV/SAFIRE 5 at a fixed tube loading (white rectangles). Extract from published data, published with
permission from Acta Radiolgica..

Paper IV

This study assessed the image quality of hepatic CT at 80-kV with TLC and 40%
reduction of CM dose compared with a standard hepatic CT 120-kV protocol in a
clinical patient cohort. Results are presented in Table 10.

There was no significant difference between the two groups regarding the objective
image quality parameters. In the evaluation of the subjective image quality the 80-
kV cohort scored significantly lower than the 120-kV cohort with substantial intra-
observer agreement though there was some diversity in the subjective grading
between the four observers. Retrospective image quality analysis did however
reveal that six patients in the 80-cohort had inferior image quality not related to the
80-kV technique such as poor cardiac function or low body weight with a lack of
fat planes. In the 120-kV cohort only one such patient could be identified. After
excluding these seven patients only three of the eight evaluation criteria were
statistically scored inferior for the 80-kV cohort (Figure 8).
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Table 10.

Summary of outcome parameters from patients

presented unless otherwise stated.

included in Study IV, median values (2.5 and 97.5 percentiles)

80 kV 120 kV
Number of patients 40 40
Contrast medium dose
Gram iodine 18 (13-24) 37 (24-40)
mg iodine/kg 298 (229-302) 500 (420-502)
Radiation dose
CTDlvol (MGy) 9.1 (6.1-11) 8.8 (5.8-12)
DLP (mGyxcm) 377 (231-545) 417 (274-627)
Effective dose (mSv) 5.3(3.2-7.6) 5.9 (3.9-8.8)
Objective evaluation of image quality
Liver attenuation pre-contrast (HU) 60 (48-66) 58 (26-67)
Liver attenuation post-contrast (HU) 114 (90-142) 110 (76-131)
Muscle attenuation (HU) 56 (45-66) 58 (39-67)
Image noise, 1 SD (HU) 14 (12-21) 14 (11-18)
Contrast-to-noise ratio 3.8 (2.3-5.8) 3.5(1.5-5.7)
Subjective evaluation of image quality
Suboptimal examination? (n) 6 1
Overall image quality rated < 3 (%) 5 0
Intra-observer agreement (kappa) 0.64

2 Three patients in the 80-kV cohort had suboptimal contrast enhancement due to poor cardiac
function. Two patients in the 80-kV group and one in the 120-kV group were considered
suboptimal due to lack of fat planes. One examination was regarded as suboptimal due to beam
hardening artifacts from the spine

« All patients o After exclusion of 7 patients
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Figure 8 Subjective comparison of Image quality at 80-kV with TLC to 120-kV reference standard

The staples represent how the images were scored for each criterion (Table 8) and for all observers with confidence
intervals of 95% outlined. The area under the curve of the visual grading characteristics (AUCvac) indicates how the
images compare to each other. A number below 0.5 indicates that the 80-kV images tested were of inferior quality to
the 120-kV images, a value above 0.5 indicates that the 80-kV images were of superior quality.
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Paper V

In this study the image quality of hepatic CT at 80 kV with TLC was compared with
80 kV and the use of IR algorithms (SAFIRE 3 and 5) but without TLC to control
image noise in the same patient.

There was no significant difference in objective image quality between the images
with TLC and the images without TLC reconstructed with SAFIRE 5. The images
reconstructed with SAFIRE 3 did however show significantly higher image noise
and consequently lower CNR and SNR (Table 11).

In the subjective grading both groups without TLC scored significantly lower
compared to the images with TLC. A considerable difference between the observers
as to whether SAFIRE 5 was superior to SAFIRE 3 was also noted.

Increasing SAFIRE strength was associated with increased pixelated blotchy
appearance which may affect detection of small liver lesions (Figure 10).

;aLJ?(I:zn:l.parameters from paper V, median values (2.5 and 97.5 percentiles) presented unless otherwise stated.
| 80 kV FBP | 80 kV SAFIRE 3 80 kV SAFIRE 5

Tube loading compensation Yes No
Effective tube loading (mAs) | 463 (312-570) | 97 (56-190)
Objective evaluation of image quality
Liver attenuation pre-contrast® (HU) 60 (48-66)
Muscle attenuation® (HU) 56 (45-66)
Liver attenuation post-contrast (HU) 114 (90-142) | 115 (87-143) | 115 (87-143)
Image noise (SD) 14 (12-21) | 20 (17-26) | 14 (12-18)
Signal-to-noise ratio (SNR) 8.0 (5.1-11) | 6.0 (3.7-8.1) | 8.4 (5.3-10)
Contrast-to-noise ratio (CNR) 3.8 (4.7-11) | 2.9 (1.6-4.5) | 4.0 (2.2-6.4)
Subjective evaluation of image quality
Image quality criteria rated <3 (%) 8 | 39 | 34
Intra observer agreement (kappa) 0.71

2 Pre-contrast scan performed at 120 kV was available for 32 patients.

b Mean post contrast attenuation measured in the rectus abdominis muscle
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«TLC/FBP vs No TLC/IR-S3 =TLC/FBP vs No TLC/IR-S5

Figure 9 Subjective comparison of image quality at 80 kV IR SAFIRE 3 and 5 without TLC to 80 kV with TLC
The staples represent how the images were scored for each criterion (Table 8) and for all observers with confidence
intervals of 95% outlined. The area under the curve of the visual grading characteristics (AUCvac) indicates how the
images compare to each other. A value below 0.5 indicates that the 80-kV images with IR algorithms are of inferior
quality to 80-kV images with TLC, a value above 0.5 indicates that the 80-kV images with IR algorithms are of
superior quality.

FBP SAFIRE 3 SAFIRE 5
TLC No-TLC No-TLC
Liver attenuation 110 HU Liver attenuation 107 HU Liver attenuation 108 HU
Image noise 10 HU Image noise 18 HU Image noise 12 HU
CNR 6.6 CNR 34 CNR 5.3

Figure 10. Liver lesion disappearing on images without TLC
6 mm lesion with an attenuation of 45 HU not clearly visible on the images without TLC.
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Discussion

Results from the first two studies (Paper I and II) indicate that it is possible to
maintain diagnostic clinical performance in CTPA when using 80 kV with TLC and
reduced CM dose compared to the reference standard at 120 kV. The X-ray tube of
the CT equipment available at that time did not have the capacity to fully
compensate for the increased image noise at 80 kV especially in larger patients,
resulting in significantly higher image noise compared with that at 120 kV. The
follow-up data did however not indicate that the increased image noise was of
clinical importance. The relatively high prevalence of PE in the 80-kV groups may
be explained by the fact that patients with reduced renal function tended to be elderly
patients with more co-morbid factors. It also highlights the importance of having
adequate diagnostic capabilities at a minimum risk of CI-AKI for this patient group.

The results from the abdominal phantom study (Paper III) showed that iodine
attenuation increased with a factor 1.6 when decreasing tube potential from 80 to
120 kV while at the same time image noise increased by almost a factor two at
constant tube loading, i.e. similar effects as in the thorax. Results also indicate that
at a fixed tube loading there are improvements in objective image quality parameters
such as image noise and CNR when using iterative reconstructions compared to
conventional FBP reconstructions and without loss of spatial resolution. The
subjective evaluation of low-contrast objects did reveal that in settings of low
radiation dose there did not seem to be any increase of discernible objects regardless
of improved image noise and CNR. The increasing artificial, blotchy appearance
with increasing iteration was noted, which is in accordance with the shift towards
relatively lower frequency noise in the NPS curve compared to FBP.

The clinical study performed based on the results from the phantom study was
presented in Paper [V and V. Paper IV indicated that modern CT systems have made
it possible to perform hepatic CT at 80-kV with reduced CM dose and preserved
image quality if the tube loading is adequately compensated. Results from paper V
showed that image noise and CNR could be controlled using iterative
reconstructions without TLC, but the subjective evaluation indicated inferior image
quality compared with FBP and TLC.
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Contrast medium

CM enhancement in CT is dependent on several factors. The most important patient
related factor is body size, as it correlates with the extracellular volume, the
principle volume of distribution for CM****">_In all our study protocols (Paper I, II,
IV and V) we adapted the CM dose to patient weight with an upper threshold of 80
kg assuming that increasing weight would mainly consist of fatty tissue in most
patients which contributes only minimally to the CM distribution volume. Other
parameters for CM dosing have been proposed in the literature, such as lean-body
weight”” and body-surface area'® which may be beneficial for correct dosing in
obese patients. By adapting the CM dose to body weight and scan time our standard
CM dose when performing CTPA at 120-kV (Paper I) could be reduced to 320 mg
I’kg compared with the doses presented in the literature at the time of non-
individualized doses of 28-55 gram iodine*, corresponding to approximately 350-
700 mg I/kg in a patient with 80 kg bodyweight. When using 80 kV the CM dose
could be further reduced to 200 mg I/kg, resulting in a mean iodine dose of 13 gram
iodine with maintained arterial enhancement (Paper I).

Another important patient related factor is the hemodynamic situation and cardiac
output as it influences the circulation time and the dilution of the CM bolus.
Decreasing cardiac output is associated with increased vascular enhancement due to
less dispersion of the CM bolus and less dilution from inflowing non-CM containing
blood’. Cardiac output is however seldom known prior to a CT examination. Though
there are non-invasive ways to assess cardiac output*> this has yet to be
incorporated into clinical practice when performing CT examinations or designing
CT protocols. The variation in enhancement of the pulmonary arteries seen in all
the patient groups examined in the first two studies (Paper I and II) may at least in
part be explained by differences in cardiac output. Reduced cardiac output should
also be expected to be more prevalent among elderly patients with reduced renal
function due to the so called cardiorenal syndrome™. Since reduced cardiac function
is an independent risk factor for developing CI-AKI, reducing CM doses in this
patient group becomes even more relevant. In fact, comparison of the 80-kV results
in Paper II with those of the 120-kV cohort from the study by Bjorkdahl et al. '3,
indicate that CM dose may be reduced by a factor 2 instead of the present 1.6 when
reducing the tube potential from 120 to 80 kV at CTA, possibly an effect of
decreased cardiac output in the 80-kV cohort. This has also been shown in CT of
the aorta™.

The most important injection related factors in CTA are injection duration and
timing of the CM bolus to achieve optimal CM enhancement. In all our clinical
studies included in this thesis a fixed injection duration was used adapted to the scan
time. By adapting CM dose to body weight and injection time to scan time, a fixed
injection dose rate in mg I/kg/sec is achieved resulting in a vascular enhancement
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unrelated to body weight >*. Based on our CTPA studies we found that vascular
enhancement could be maintained at 80-kV CTPA when shortening injection time
from 15 to 12 seconds and reducing the CM dose from 200 mg I/kg to 150 mg I’kg
while keeping the CM dose rate virtually unaltered. This corresponds to a mean
injection dose rate of 12 mg I/kg/sec. More recent studies, with modern CT
equipment and high-pitch low-kV settings, have maintained the same injection dose
rate. But with drastically reduced scan times of around one second for a thoracic
examination the injection time may be further reduced resulting in a CM dose of
only 80mg I/kg °.

In Paper IV and V, where we looked at the parenchymal enhancement of the liver
injection rate is of less importance compared with vascular CT as the enhancement
is principally determined by the total amount of iodine delivered *°. The injection
duration is therefore not as critical as in CTA examinations and may be prolonged
to avoid unnecessary high injection rates. The use of a fixed injection dose rate was
however maintained as it makes scan timing more standardized ¢ and may also have
an impact on arterial phase scanning of the liver. The selected CM dose in our
standard 120-kV protocol was 500mg I/kg which resulted in a 50 HU enhancement
of the liver parenchyma in the majority of cases regarded as satisfactory for hepatic
scanning®’. At 80 kV a CM dose of 300 mg I/kg resulted in the same enhancement
(Paper 1V), and when using 70 kV a further reduction to 250 mgl/kg was reported
by Svensson et al. %

As stated above the transit time for the CM from the injection site is dependent on
the patient’s cardiovascular circulation. There are two principal ways of timing the
CM bolus in order to get optimal enhancement. Either by using a CM test bolus, and
thereby obtaining a time-enhancement curve that can be used to estimate the optimal
scan delay. The other way is to use built-in automatic bolus-tracking system with a
ROI placed in conjunction with your scan area in the pulmonary trunk (Paper I and
IT) or the aorta (Paper IV and V). The system registers the temporal variance of the
vascular attenuation and a certain threshold level is set to indicate when the CM
bolus arrives. A predefined delay is set before scanning is started depending on the
vessel or organ to be examined and the indication. In all our studies bolus-tracking
was used. As one of the main objectives in all these studies was to reduce the CM
dose to patients with reduced renal function a test bolus would counteract that effort.
Accordingly, a “saline chaser” was also used to make use of any CM otherwise
trapped in the arm veins *'.

Contrast medium dose and CI-AKI

The main objective of the present studies was to reduce the amount of CM to
minimize the risk of CI-AKI in patients regarded to be at risk. Though CM dose,
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sometimes reported as ratio between administered CM dose and eGFR, has been
regarded as a risk factor at coronary angiography and interventions®***"® no such
correlation has been found in CT studies *. Explanations for this may be that a
common routine has been to administer the same CM dose to all patients, CM doses
are simply not registered'’, and the lack of studies on CM dose/eGFR ratio. A
general opinion also prevails that intraarterial CM injections carry a higher risk of
CI-AKI than intravenous injections. However, CM administration during coronary
artery angiography and interventions, like CT, implies an indirect, so called, second-
pass renal exposure since the CM has to pass the pulmonary circulation before
reaching the aorta and renal arteries. At the same time the injected dose rate at CT
may be a factor 100 times than that at coronary angiography/interventions’". Also
multiple recent studies indicate the same rate of PC-AKI for coronary
angiography/interventions and CT'¢4*#73%67% Thys, it does not seem unreasonable
to assume that CM dose may also play a role at CT until proven otherwise.

It should also be noted that keeping the gram-iodine/eGFR ratio <0.7 at coronary
interventions (assuming a CM concentration of 350 mg I/mL) decreases the risk of
PC-AKI to about 4% at eGFR 30-60 and 6% at eGFR <30 mL/min/1.73 m? and a
minimal risk of AKI requiring renal replacement therapy®*. In the CTPA studies
(Paper I and II) the resulting median gram-iodine/eGFR ratio was 0.3 and in the
hepatic studies (Paper IV and V) 0.5.

Even though some controversy remains on the risk of CI-AKI, the ALARA principle
should be adapted on CM administration as well, not giving patients more CM than
necessary for the specific diagnostic task, especially since the underlying
physiological effects on the kidneys remains unclear.

Image quality

Paper I and 11

Objective image quality has traditionally been assessed based on spatial resolution,
low-contrast resolution, noise and artifacts. Subjective image quality may either be
assessed using diagnostic acceptability based on image quality characteristics or
diagnostic performance.

Objective image quality in Paper I and II was similar in all groups regarding
pulmonary artery attenuation and CNR. Image noise was slightly higher in the 80-
kV cohorts which may be due to limitations in the X-ray tube output of the CT
scanner used.

Subjective image quality was evaluated using an absolute visual grading analysis on
a four-point scale designed to reflect clinically relevant differences. There was no
non-diagnostic examinations and image quality was classified as adequate or
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excellent in more than 90% of the examinations in all cohorts which is in line with
results in the literature®. It can be argued that there is a risk for confirmation bias in
both Paper I and II as the evaluation was performed in a non-blinded fashion. In
Paper II blinding was not possible since all examinations were made at 80 kV. The
diagnostic performance with low frequency of VTE after a negative CT examination
during the three-month follow-up was also encouraging.

Paper 111

Diagnostic radiology is continuously evolving through optimizations and
introduction of new technologies, which necessitates validation before
implementation. In Paper III the focus was primarily on evaluation of, at the time, a
new IR algorithm (SAFIRE, Siemens Healthineers, Forchheim, Germany)
compared to FBP at different tube potentials regarding noise characteristics and
objective and subjective image quality parameters. At the time of this study the non-
linear behavior using IR was not evident. The objective results clearly stated that
the noise level was reduced in a linear fashion with increasing iteration levels
regardless of tube potential or radiation dose. The subjective evaluation did not
show the same linearity. The number of discernible objects did not increase,
regardless of increasing CNR at increasing IR strength, when the radiation dose was
significantly reduced, i.e., at lower kV-settings at a constant tube loading. This
discrepancy between low-contrast resolution and CNR has later been shown in
several studies*®7%*%2, However, when the images were evaluated side-by-side the
impression was that there was an improved conspicuity of low-contrast objects with
higher iteration levels. At a constant radiation absorbed dose (CTDI,,1= 10 mGy)
discernibility improved with increasing iteration levels regardless of the tube
potential used.

There are several limitations in the layout of the phantom used in Paper III. Firstly,
the phantom does not model a human liver. Secondly the low-contrast objects were
presented in an orderly fashion and not randomly distributed leading to potential
recall bias when evaluating subjective discernability. Thirdly the subjective
evaluation was done in consensus by four of the authors leading to both potential
confirmation bias and lack of data on interobserver variation.

Technical consideration in phantom studies

One effect that we encountered in the phantom studies was that depending on the
tube potential used the CT numbers in the different materials in the phantom may
change in unexpected ways. In our study this was not significant as the relative
difference between object and background was maintained but this is something to
wary of in phantom studies when different tube potentials are used.
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Paper IV and V

The subjective image quality in Paper IV and V was assessed using a visual grading
characteristics (VGC) analysis'2. An advantage of using VGC analysis to evaluate
subjective image criteria is that ratings are not compared between observers, but
rather the degree of change in rating for the same observer between the two cohorts.
This means that observers may interpret the scale used differently without affecting
the result as they are only compared to themselves. VGC analysis only provides
information about how the groups compare to each other but does not provide
information about absolute level of image quality.

The results in Paper IV showed that despite similar objective image quality with
regard to image noise, CM enhancement and CNR, the subjective image quality for
the 80-kV scans was scored inferior compared to the 120-kV reference scans. The
retrospective analysis revealed that the unpaired design of the study might be
responsible for differences between the two groups with regard to intraabdominal
fat, cardiac output and other factors that may influence image quality for the chosen
criteria. After exclusion of a total of seven patients, six from the 80-kV and one
from the 120-kVgroup, with suboptimal image quality that was regarded as
unrelated to the choice of tube potential, only three of the eight quality criteria
scored significantly lower for the 80-kV cohort.

Paper V had the advantage of a paired design comparing two 80-kV scans from the
same patient, one with TLC and one without TLC but with IR algorithms (SAFIRE
3 and 5) to control image noise. The results were in line with those of the phantom
study (Paper III) in that image noise could be controlled with SAFIRE 5 without
TLC at 80 kV as compared with FBP and TLC. However, the subjective VGC
analysis indicated inferior image quality for scans reconstructed with IR algorithms.

A major limitation in both paper IV and V was that only subjective image quality
was evaluated which may be more influenced by the observers’ personal
preferences, experience and personality and may be difficult to translate into
diagnostic performance. This holds especially true when using IR algorithms (Paper
V) with the emerging knowledge about contrast dependent spatial resolution.
Evaluation of low-contrast detectability might be crucial when comparing IR
images with reduced dose to FBP images to ascertain that diagnostic performance
does not suffer.
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Image reconstructions

Image reconstruction using FBP follows linear mathematical operations which
means that image noise is inversely proportional to the amount of radiation to the
detector. Iterative reconstructions may have a nonlinear noise reduction and
resolution properties. Therefor traditional objective measures such as noise level
and CNR may be misleading and underestimate the radiation level needed to
maintain the same level of diagnostic performance. Because the relationship
between spatial resolution and image noise does not apply to IR methods, theses
algorithms can reduce image noise to almost any level without sacrificing high-
contrast spatial resolution. Thus, noise and CNR may be less meaningful measures
of image quality for IR reconstructed images and does not capture the loss of low-

contrast detectability**’.

The non-linearity of IR reconstructions also influences noise texture that has been
described as “blotchy”, “pixelated” or “cartoony”. This artificial appearance seems
to correspond to a relative increase of lower-frequency noise compared to FBP. This
can be illustrated as shift of the peak frequency in NPS to the left and can
retrospectively be seen in our data from Paper I1I though we did not pick up on it at
the time (Figure 5).

In order to adequately and reliably evaluate IR images an objective and quantitative
method for image quality assessment is called for to ensure that diagnostic
performance does not suffer when radiation dose is reduced®. A conceivable way
to evaluate image quality perception and, most importantly, diagnostic performance
for IR algorithms is through observer performance with multi-reader study designs.
Performing these studies in a clinical setting are however complicated and time
consuming. There are ethical problems with doing multiple scans resulting in
increased radiation dose to the patients. There is also a relative shortage of observers
(radiologists) available for this time-consuming task. In general the more observers
the better and the use of task-based mathematical model-observers have also been
tested with promising results®. In accordance with the results from Paper IV and V,
many multi-reader studies on image quality assessment also show a great variability
among the observers that sometimes even exceeds the performance differences
among the different reconstructive technics®*,

There is mounting evidence that there are considerable limitations in using the
commercially available IR algorithms of today for radiation dose reduction purposes
for low-contrast object detection®”’*"#* Based on present knowledge a conservative
approach to using IR for radiation dose reduction efforts is warranted when low-
contrast resolution is needed.
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Radiation dose

Throughout this thesis the concept of using 80 kV instead of 120 kV to reduce CM
dose in patients at risk of CI-AKI has been investigated. As described previously
radiation dose to the patient may vary according to the fraction of final versus initial
tube potential to the power of 2.5 and the intensity of the radiation beam to the
detector to the power of 3.5%. Thus, changing the tube potential from 120 kV to 80
kV at a constant tube loading reduces the radiation dose to the detector by a factor
4.1 and dose to the patient by a factor 2.8. This is illustrated in Paper III were the
comparison between different tube potentials at a fixed tube loading (170 mAs)
resulted in higher noise at lower tube potentials due to the decreasing radiation dose
to the detectors, but even at a fixed radiation absorbed dose of 10 mGy there was a
tendency for slightly higher noise at 80 and 70 kV. Thus, for complete TLC when
reducing the tube potential from 120 to 80 kV, the tube loading must be increased
fourfold to preserve image noise implying that the radiation dose to the patient may
increase with about 50% (4.1/2.8 = 1.5).

In Paper I, II, IV the radiation dose to the patients in the 80-kV cohorts was
surprisingly lower than for the control group. This may in part be explained by the
fact that the groups where not matched regarding weight and the patients in the 80
kV cohorts tended to weigh less. Another explanation may be that the tube loading
adaption undercompensated in larger patients, at least in the CTPA studies using
less powerful X-ray tubes. In Paper I and II the effective reference tube loading was
also limited to 350-380 mAs at a rotation time of 0.5 seconds and a pitch of 0.5, i.e.
only 3.5-3.8 times that at 120 kV. However using today’s CT technology Svensson
et al. found that, for the same image noise, the size-specific dose estimate was 50%
higher at 80 kV single X-ray source hepatic scanning compared with 120 kV*.
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Clinical impact

The results from the first two studies on CTA of the pulmonary arteries led to
clinical implementation of 80-kV protocols for patients considered at risk of CI-
AKI and have provided a very useful tool when diagnostic alternatives to CM-
enhanced CT examination such as scintigraphy is inconclusive or lacking. Further
technological development has since then mitigated many of the limitations in the
CT systems, allowing for faster scan time, more powerful tube technology and even
further reduction of CM doses’. In Paper IV the advances in technology meant that
the use of low-kV protocols in the abdomen could be tested and have also been
implemented into clinical practice.

Although the results from Paper III where somewhat hard to translate due to the
uncertainty in phantom studies it nevertheless showed results in line with previous
research regarding iodine attenuation. It also showed that the IR algorithm had a
similar effect at all tube potentials regarding noise characteristics and spatial
resolution. When putting these results through the clinical test in Paper V the results
showed that the IR algorithm (SAFIRE) did not manage to compensate for the
reduced radiation dose when using 80 kV instead of 120 kV. This gave us an insight
into the problems of assessing image quality when using IR algorithms instead of
FBP. Further studies are needed to investigate to what extent IR may be used to
ensure that diagnostic performance is not compromised when radiation dose is
reduced.
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Conclusion

This thesis evaluated the feasibility of using low kV technique CT in patients
considered at risk of CI-AKI to minimize the amount of contrast medium needed to
produce diagnostic images. The main conclusions are:

The CM dose can be reduced by 40-50% in CT-angiography when the X-ray
tube potential is reduced from 120 to 80 kV for the same iodine attenuation,
which should be to the benefit of patients considered at risk of CI-AKI.

The CM dose can be reduced by 40% in hepatic CT when the X-ray tube
potential is reduced from 120 to 80 kV for the same iodine attenuation, which
should be to the benefit of patients considered at risk of CI-AKI.

Image noise can be controlled to preserve image quality at a reduced tube
potential if the tube loading can be adequately increased to maintain the
radiation dose to the detector.

Using the iterative reconstruction algorithm (SAFIRE) reduces image noise
and improves contrast-to-noise ratios compared to FBP.

Using the iterative reconstruction algorithm (SAFIRE) to control image noise
instead of tube loading compensation when reducing tube potential from 120
to 80 kV in hepatic CT does not provide sufficient subjective diagnostic
quality.

There is no support in our studies for the use of 80 kV protocols in larger
patients (BMI >30 kg/m?).
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Future perspectives

When this project was initiated in 2006 the concept of reducing the tube potential to
reduce the CM dose needed for adequate image contrast resolution was largely
unexploited. The protocols used at the time was to a great extent “One-size-fits-all”
with the same CM and radiation dose to all patients regardless of patient size. Over
the span of the last 15 years technical developments such as tube current modulation,
tailoring the CM dose to patient body weight and more recently automated tube
voltage selection, that more routinely utilizes the higher iodine attenuation at lower
tube potentials, have improved standardization of image quality and
individualisation of radiation exposure and CM delivery.

The usefulness of low-kV protocols has already been recognized and implemented
for many CM-enhanced CT protocols in children, small adults, angiography and
chest examinations. The evolution of more powerful X-ray tubes will offer this
possibility for other protocols to take advantage of the benefits of increased contrast
at low kV settings. More powerful X-ray tubes will also provide the possibility for
application of stronger prefiltering to ensure that more photons that enter the patient
contributes to the detector signal®’.

The steady increase of detector rows and faster rotation speeds that we have grown
accustomed to seems to be slowing down due to physical limitations>*. Development
of new detector technology and further evolution of IR algorithms is probably where
we will see the biggest advances in the coming years.

Dual energy CT(DECT) is a technology in clinical use that capitalizes on different
materials such as uric acid, calcium and iodine to have different specific signatures
at different energy levels. It can improve iodine enhancement with virtual
monoenergetic imaging at low keV which may be useful to reduce CM dose
especially in CTA examinations. There are a number of different approaches for
dual energy acquisition, but for CT systems that has two X-ray tubes installed
complete TLC in low-kV setting is possible, even in larger patients, by using both
tubes at the same low tube voltage, illustrated by Svenson et al.*.

The next emerging technology towards further spectral information in CT is photon
counting CT (PCCT)** with detectors that has the capability to determine the energy
of every individual photon and separating them into several energy levels in each
detector and thereby providing a spectral analysis of the transmitted X-ray beam.
Beside the increased spectral capabilities e.g., material decomposition and iodine
boosting, it offers the possibility to filter out low-energy photons obviously
representing scattered radiation, which accounts for a large amount of noise in the
sinogram data sampled with conventional detectors. With almost noise-free signal
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data image reconstruction only has to handle electronic and quantum noise. This has
the potential for decreased image noise and increased low contrast resolution.

The improved spectral capabilities following photon counting detection also opens
the path for entirely new contrast materials Initial tests of alternative contrast agents
to iodine with higher atomic numbers such as gold or hafnium and holmium with a
K-edge in the range of normal spectral energies show promising results®®.

The predictable linear relationship between radiation dose and image noise in FBP
reconstructions have given way to iterative reconstruction algorithms that has
proven better at handling image noise, but also considerably harder to assess with
regard to image quality as conventional quality parameters such as image noise,
SNR and CNR may not be as useful as before. Further development of IR algorithms
with integration of more information like data from prior examinations or material
composition and shape of an orthopaedic implant and the use of deep learning and
artificial intelligence will most probably push this even further*®”®. Ongoing
research on different approaches on the use of these techniques are under way both
for improving the IR algorithms but also to accelerate the reconstruction process®”**.
In this context it is imperative that we also develop tools to evaluate how these new
algorithms influence different image quality parameters.

An alternative approach for radiation dose reduction in CT that is being investigated
is sparse sampling techniques. A reduced number of projections are used while
radiation exposure remains high for each projection resulting in high signal-to-noise
ratio. Under-sampling does however require advanced IR solutions for image
reconstruction. This technique will also require the development new X-ray tubes
to be clinically implemented'*'.

The development of monochromatic X-ray sources is also an interesting field of
research” that may lead to drastic reduction in radiation dose as only energies
needed for image reconstruction can be utilised.

Phase-contrast and dark-field CT, based on an electromagnetic wave model as
opposed to photoelectric absorption and Compton scattering, is another field of
research®®. In this technique image contrast represents wave-optical interactions
such as phase-shift or small-angle scattering. With these techniques additional and
complementary information becomes available. Phase contrast offers higher soft-
tissue resolution and dark-field CT offers structural information beyond the spatial
resolution of the imaging system. The technique has been hindered by the fact that
implementation did not seem feasible in a continuously rotating gantry. With newly
developed IR reconstructions however, investigations on implementation of the
additional information into the IR algorithms shows promise.

With the rapid evolution of CT technology, the implementations also increase.
Ultra-low radiation doses that are at level with conventional radiography but with
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superior information are already seen today. Increasing examinations with
quantitative and spectral information, improved resolution and image quality will
require increased automation of handling all the data. Structures for meeting these
requirements, such as clinical decision support systems and integrated diagnostics
will have to be developed making use of the technology available. This will
probably have a huge impact on the way we work as radiologists.

The increasing automation of CT parameters and the increasing complexity of the
CT systems needs constant monitoring whether the underlying image quality
actually meets the diagnostic needs. It is crucial that the radiology community
together with manufacturers preserve the awareness that increased complexity of
CT technique’s hardware and software in combination with the constant ambition
to reduce radiation dose always carries the inherent risk of producing eye pleasing
image material which however lacks critical diagnostic information.
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