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Popular science summary of the thesis 
If stroke is suspected, the patient needs to be diagnosed through imaging, 
typically computed tomography (CT), in order to make an adequate treatment 
decision. Often, symptoms are caused by a clotted artery, resulting in a lack of 

oxygen delivery to the brain. In cases where the clot is causing significant 
symptoms and blood thinning treatment is not expected to work, the patient 
needs to be transported to a unit that can treat the clot effectively by 

mechanically pulling it out. This is done with minimally invasive instruments 
under X-ray guidance in a specialized interventional unit where flat X-ray 
detectors are used. Transferring the patient from the diagnostic CT to an 
interventional unit consumes time and resources. The extent of brain damage is 
dependent on time to successful clot removal. 

A flat X-ray detector can be rotated around the patient to acquire images similar 
to CT (cone-beam CT). However, the technique is typically insufficient for a 
reliable diagnosis due to poor distinction between different tissues and 
prominent image artifacts. Through an innovative solution, the flat detector could 
be modified so that it separates X-rays with different energies, thereby 
improving the diagnostic quality. Consequently, stroke patients could potentially 
be diagnosed and treated in the same room. The goal of this thesis was to study 
the diagnostic utility of the X-ray energy separation technique, first in CT where 

it is already used to some extent and then in cone-beam CT using a novel flat X-
ray detector.  

The first paper indicated that CT images utilizing X-ray energy separation impact 
the assessment of hypoxic brain regions in acute stroke patients. Images 
representing a particular virtual energy had the best diagnostic value. The 
second paper characterized a prototype cone-beam CT system with the 
modified flat X-ray detector through image experiments on different materials. 
The images showed that the detector had potential utility in diagnostic imaging. 

The third and fourth paper studied the modified detector in a group of stroke 

patients. These papers indicated that images representing certain virtual 
energies were not inferior to the corresponding conventional CT images without 
contrast medium (paper III) or with contrast medium in the arteries of the brain 
(paper IV), under certain conditions. In summary, this thesis shows that stroke 
diagnosis directly in the interventional unit is possible using the modified 
detector, but also that there are opportunities for further development.  



Populärvetenskaplig sammanfattning 
Patienter med misstänkt stroke behöver vid ankomst till sjukhus undersökas 
med bildgivande diagnostik, i regel datortomografi (DT), inför beslut om rätt 
behandling. Ofta beror symptomen på en propp i hjärnans kärl som orsakar 

syrebrist. I de fall proppen orsakar påtagliga symptom och blodförtunnande 
behandling inte förväntas fungera behöver patienten flyttas till en enhet som kan 
behandla proppen effektivt genom att mekaniskt dra eller suga ut den. Detta 

görs med minimalinvasiv teknik under röntgenvägledning på en särskild 
interventionell enhet där man använder sig av platta röntgendetektorer. Att 
förflytta patienter från bildgivande DT till en interventionsenhet förbrukar tid och 
resurser. En effektiv vårdkedja är avgörande för patientens prognos. 

Med en platt röntgendetektor kan man genom en roterande rörelse runt 

patienten ta bilder (volymtomografi) som efter databehandling går att bedöma 
på liknande sätt som vid DT. Distinktionen mellan olika vävnader och därmed den 
diagnostiska säkerheten är dock idag bristfällig. Den platta detektorn skulle 
genom en innovativ lösning kunna modifieras så att den separerar röntgenstrålar 
med olika energi, och därmed förbättra den diagnostiska bilden. På så sätt skulle 
strokepatienter potentiellt kunna diagnosticeras och behandlas i samma rum. 
Målet med avhandlingen var att utvärdera denna energiseparerande teknik, först 
med DT där tekniken redan används i vissa sammanhang och sedan genom 

volymtomografi utförd med en ny modifierad platt röntgendetektor. 

Det första arbetet visade att DT-bilder som tagits med energiseparerande teknik 
påverkar bedömningen av områden med syrebrist i hjärnan hos strokepatienter. 
Bilder representerande en särskild virtuellt framställd energi hade bäst 
diagnostiskt värde. Det andra arbetet karaktäriserade genom experimentella test 
volymtomografiska bilder utförda med den modifierade platta röntgendetektorn. 
Testerna visade att detektorn var användbar med potentiell nytta för diagnostisk 
bildtagning. Det tredje och fjärde arbetet studerade bilder tagna med den 

modifierade detektorn på strokepatienter. Arbetena visade att bilderna 

representerande särskilda virtuella energier inte var sämre än motsvarande DT-
bilder utan kontrastmedel (arbete III) eller med kontrastmedel i hjärnans kärl 
(arbete IV), under vissa förutsättningar. Sammantaget visar avhandlingens 

arbeten att bilddiagnostik av strokepatienter direkt på interventionsenhet är 
möjlig med den modifierade detektorn, men att utvecklingsmöjligheter finns.  



 

 

Abstract 
Background: Dual-energy computed tomography (DECT) is increasingly 

available and used in the standard diagnostic setting of ischemic stroke patients. 

For stroke patients with suspected large vessel occlusion, cone-beam 

computed tomography (CBCT) in the interventional suite could be an alternative 

to CT to shorten door to thrombectomy time. This approach could potentially 

lead to an improved patient outcome. However, image quality in CBCT is 

typically limited by artifacts and poor differentiation between gray and white 

matter. A dual-layer detector CBCT (DL-CBCT) system could be used to 

separate photon energy spectra with the potential to increase visibility of 

clinically relevant features, and acquire additional information. 

Purpose: Paper I evaluated how a range of DECT virtual monoenergetic images 

(VMI) impact identification of early ischemic changes, compared to conventional 

polyenergetic CT images. Paper II characterized the performance of a novel DL-

CBCT system with regards to clinically relevant imaging features. Paper III & IV 

investigated if DL-CBCT VMIs are sufficient for stroke diagnosis in the 

interventional suite, compared to reference standard CT. 

Methods: Paper I was a retrospective single-center study including consecutive 

patients presenting with acute ischemic stroke caused by an occlusion of the 

intracranial internal carotid artery or proximal middle cerebral artery. Automated 

Alberta Stroke Program Early Computed Tomography Score (ASPECTS) results 

from conventional images and 40-120 keV VMI were generated and compared to 

reference standard CT ASPECTS. In paper II, a prototype dual-layer detector was 

fitted into a commercial interventional C-arm CBCT system to enable dual-

energy acquisitions. Metrics for spatial resolution, noise and uniformity were 

gathered. Clinically relevant tissue and iodine substitutes were characterized in 

terms of effective atomic numbers and electron densities. Iodine quantification 

was performed and virtual non-contrast (VNC) images were evaluated. VMIs 

were reconstructed and used for CT number estimation and evaluation of 

contrast-to-noise ratios (CNR) in relevant tissue pairings. In paper III and IV, a 



prospective single-center study enrolled consecutive participants with ischemic 

or hemorrhagic stroke on CT. In paper III, hemorrhage detection accuracy, 

ASPECTS accuracy, subjective and objective image quality were evaluated on 

non-contrast DL-CBCT 75 keV VMI and compared to reference standard CT. In 

paper IV, intracranial arterial segment vessel visibility and artifacts were 

evaluated on intravenous DL-CBCT angiography (DL-CBCTA) 70 keV VMI and 

compared to CT angiography (CTA). In both paper III and IV, non-inferiority was 

determined by the exact binomial test with a one-sided lower performance 

boundary set to 80% (98.75% CI). 

Main results: In paper I, 24 patients were included. 70 keV VMI had the highest 

region-based ASPECTS accuracy (0.90), sensitivity (0.82) and negative 

predictive value (0.94), whereas 40 keV VMI had the lowest accuracy (0.77), 

sensitivity (0.34) and negative predictive value (0.80). In paper II, the prototype 

and commercial CBCT had a similar spatial resolution and noise using the same 

standard reconstruction. For all tissue substitutes, the mean accuracy in 

effective atomic number was 98.2% (SD 1.2%) and 100.3% (SD 0.9%) for electron 

density. Iodine quantification had a mean difference of -0.1 (SD 0.5) mg/ml 

compared to the true concentrations. For VNC images, iodine substitutes with 

blood averaged 43.2 HU, blood only 44.8 HU, iodine substitutes with water 2.6 

HU. A noise-suppressed dataset showed a CNR peak at 40 keV VMI and low at 

120 keV VMI. In the same dataset without noise suppression, peak CNR was seen 

at 70 keV VMI and a low at 120 keV VMI. CT numbers of various clinically relevant 

objects generally matched the calculated CT number in a wide range of VMIs. In 

paper III, 27 participants were included. One reader missed a small bleeding, 

however all hemorrhages were detected in the majority analysis (100% accuracy, 

CI lower boundary 86%, p=0.002). ASPECTS majority analysis had 90% accuracy 

(CI lower boundary 85%, p<0.001), sensitivity was 66% (individual readers 67%, 

69% and 76%), specificity was 97% (97%, 96% and 89%). Subjective and 

objective image quality metrics were inferior to CT. In paper IV, 21 participants 

had matched image sets. After excluding examinations with scan issues, all 



 

 

readers considered DL-CBCTA non-inferior to CTA (CI boundary 93%, 84%, 80%, 

respectively), when assessing arteries relevant in candidates for intracranial 

thrombectomy. Artifacts were more prevalent compared to CTA.  

Conclusions: In paper I, automated 70 keV VMI ASPECTS had the highest 

diagnostic accuracy, sensitivity and negative predictive value overall. Different 

VMI energy levels impact the identification of early ischemic changes on DECT. In 

paper II, the DL-CBCT prototype system showed comparable technical metrics 

to a commercial CBCT system, while offering dual-energy capability. The dual-

energy images indicated a consistent ability to separate and characterize 

clinically relevant tissues, blood and iodine. Thus, the DL-CBCT system could find 

utility in the diagnostic setting. In paper III, non-contrast DL-CBCT 75 keV VMI 

showed non-inferior hemorrhage detection and ASPECTS accuracy to CT. 

However, image quality was inferior compared to CT, and visualization of small 

subarachnoid hemorrhages after treatment remains a challenge. In the same 

stroke cohort, paper IV showed non-inferior vessel visibility for DL-CBCTA 70 

keV VMI compared to CTA under certain conditions. Specifically, the prototype 

system had a long scan time and was not capable of bolus tracking which 

resulted in scan issues. After excluding participants with such issues, DL-CBCTA 

70 keV VMI were found non-inferior to CTA. 

In summary, the findings of this thesis indicate that DL-CBCT may be sufficient 

for stroke assessment in the interventional suite with the potential to bypass CT 

in patients eligible for thrombectomy. However, issues related to the prototype 

system and the visualization of small hemorrhages highlight the need of further 

development. 
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Introduction 
At the inception of my residency at Karolinska University Hospital, I was 

approached with the possibility to be involved in the “Next generation X-ray 

imaging system” (NEXIS) project, a part of the EU-funded Horizon 2020-

programme. The project involved a multidisciplinary consortium across Europe 

that aimed to develop and evaluate a dual-layer flat X-ray detector with the 

possibility of improved image quality in cone-beam computed tomography 

(CBCT). After some time, I was given the opportunity to serve as the work 

package leader for the clinical evaluation of the project. 

The clinical use case was to shorten time to treatment for stroke patients with a 

large vessel occlusion. Typically, patients with symptoms suggestive of stroke 

are imaged and diagnosed by conventional computed tomography (CT). In the 

case of a large vessel occlusion, they are then transported to an interventional 

angiography suite to receive thrombectomy treatment. The interventional suite 

is equipped with a flat detector capable of CBCT acquisitions, however the 

image quality is typically considered insufficient for primary diagnostic work-up. 

Given an improvement in image quality with the novel detector design, a patient 

with symptoms suggestive of a large vessel occlusion stroke could potentially 

bypass the CT, and thus receive both diagnosis and treatment in the 

interventional suite instead.  

 
Figure 1. Flow diagram for the conventional workflow (top), and proposed 
workflow using the NEXIS detector (bottom). Reprinted with permission from 
Heidrun Steinhauser, project leader of the NEXIS consortium. 
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1 Literature review 

1.1 Stroke burden and associated costs 

The World Health Organization estimates that stroke is the second most 

common cause of death and the third leading cause of disability in the world (1). 

In 2010 it was concluded that the global burden of stroke is considerable and 

increasing, with an estimation of 100 million disability-adjusted-life-years lost 

annually (2). Stroke caused an estimated 6.2 million deaths in 2019 of which the 

majority occurred in middle- to high income countries (3, 4). Cerebrovascular 

disease is the most common cause of neurological disability in older adults (5) 

and contributes substantially to other late complications such as dementia and 

epilepsy. Stroke incidence rates are increasing rapidly in low-income and 

middle-income countries (6, 7). In high-income countries, substantial increases 

in the absolute numbers of individuals affected by stroke are projected due to 

increasing population life-expectancy, even if stroke incidence rates are 

reduced or maintained at current levels (6). Globally, the prevalence of stroke 

was 104.2 million people in 2017, of which 82.4 million accounted for ischemic 

stroke (4). The prevalence of ischemic stroke increased by 16.1% from 2007 to 

2017 (4).  

Stroke is also a substantial contributor to healthcare costs. A publication based 

on data from 2014—2015 estimated the aggregated societal costs for stroke of 

£26 billion per year in the UK (8). The American Heart Association estimated that 

the yearly direct and indirect costs of stroke were $56.5 billion in 2018—2019 (9). 

These costs are expected to increase to $94.3 billion in 2035 (4). 

 

1.2 Ischemic stroke 

87% of all stroke is due to ischemia (9). Ischemic stroke is caused by acute 

occlusion of an artery leading to immediate reduction in blood flow within the 

corresponding cerebrovascular territory. The size and site of the occlusion, and 

the efficiency of compensatory collateral blood flow, determines the extent of 
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impaired blood flow and resulting neurological symptoms from insufficiently 

perfused brain tissue, either infarcted or at risk of infarction (ischemic 

penumbra). Early spontaneous recanalization may occur from endogenous 

release of tissue plasminogen activator (tPA), however for many patients, and 

particularly in those with large occlusions, the endogenous release of tPA is not 

sufficient to prevent infarcted cerebral tissue caused by vessel occlusion (10, 11).  

 

1.3 Stroke treatment 

Acute ischemic stroke (AIS) can be treated either by administering a 

thrombolytic drug (thrombolysis), or by thrombectomy where the blocking 

thrombus is retrieved from the occluded vessel with an endovascular device. 

Both treatment strategies can be used together in the case of a large vessel 

occlusion (LVO) (12). In Sweden 2021, 17% of all patients suffering from acute 

ischemic stroke were treated with a reperfusion treatment: 13% received 

thrombolysis, 6% thrombectomy (3% received both) (12). 

 

1.3.1 Thrombolysis 

Clot-dissolving (thrombolytic) drugs, typically intravenous recombinant tissue 

plasminogen activators, can significantly improve the prognosis for a patient with 

AIS if administered within 4.5 hrs after symptom onset (13, 14). A meta-analysis 

suggested that functional outcome can be improved if thrombolysis is 

administered within 9 hours in selected cases guided by perfusion imaging (15). 

Until 2015, thrombolysis was the only treatment for AIS with robust scientific 

evidence. Although important, it has been shown that thrombolysis has a very 

small likelihood of successful recanalization when the thrombus measures 8 mm 

or more (10). Large thrombi commonly occlude the proximal intracranial arteries, 

termed LVO. The proximal location of a LVO typically leads to substantial 

neurological deficits and a poor prognosis without successful treatment (16).  
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1.3.2 Endovascular treatment 

A blood clot/thrombus in a proximal intracranial artery can be removed by an 

endovascular procedure termed thrombectomy. The thrombectomy aims to 

achieve arterial recanalization and thus restoration of blood flow and oxygen 

delivery to brain tissue. Typically, the femoral artery is punctured with a needle 

and the intracranial arterial vasculature is subsequently accessed using a 

catheter system under X-ray guidance. Endovascular treatment in combination 

with intravenous thrombolysis for patients with AIS and LVO using second-

generation devices have shown to improve functional outcome in several large 

randomized clinical trials (17-21). These studies provided compelling evidence for 

the beneficial results of thrombectomy in patients with LVO of the anterior 

circulation presenting within 6 to 12 hours of symptom onset and has since 2015 

been established practice worldwide. 

Furthermore, the DAWN and DEFUSE 3 trials published in 2018 provided insights 

that thrombectomy can be a beneficial treatment option up to 24 hours after 

symptom onset, thus making endovascular recanalization a possible treatment 

option for an even larger patient group (22, 23). These studies both used 

“mismatch” imaging concepts separating irreversible ischemic tissue from 

potentially salvageable tissue to select patients for thrombectomy. 

 

1.4 X-ray imaging in stroke 

Multiple imaging protocols are used together to diagnose patients presenting 

with symptoms consistent with acute stroke. A reliable diagnosis is essential to 

determine the most beneficial treatment strategy for the patient. Studies that 

established the efficacy of modern endovascular recanalization in anterior 

circulation large vessel occlusion (LVO) predominantly used non-contrast 

computed tomography (CT) combined with vascular (17-21) and perfusion 

imaging (19, 20) for patient selection. In the following chapters, technical, 
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diagnostic and clinical aspects of CT imaging will be covered with a focus on 

stroke. 

 

1.4.1 Fundamentals of Computed Tomography  

Sir Godfrey N. Hounsfield and Allan MacLeod Cormack shared the Nobel Prize for 

Physiology and Medicine in 1979. In his groundbreaking paper on CT in 1973, Sir 

Hounsfield described a system in which X-ray transmission readings were taken 

at a multitude of angles through a cranium, calculated on a computer and shown 

as a series of axial pictures (“slices”) through the head (24). The modern 

technique typically involves a fan-shaped X-ray beam emitted from a X-ray 

tube rotating around the patient. The X-rays (photons) emitted from the tube 

are captured on the opposite side of the patient by a number of detector 

elements. The technique has evolved from single slice axial acquisitions to multi-

slice spiral acquisitions, utilizing multiple detector rows and simultaneous 

movement of the patient table (25). These innovations enable a quick image 

acquisition and volume (multiplanar, 3D) image reconstructions which are typical 

features of modern CT imaging (25). Today, CT scanners are a mainstay in 

modern medical diagnostics, with an estimated 14 153 scanners in the Unites 

States alone in 2021 (26).  

Photons (X-rays) interact with matter in different ways depending on the energy 

of the incident photons as well as the atomic number and the density of the 

material or tissue. These factors determine the linear attenuation coefficient of a 

material, which translates to the CT number, also called Hounsfield Units (HU), 

which is a measure of radiodensity. Today, the HU is the common quantitative 

measurement displayed in a grayscale of pixels used by radiologists in the 

interpretation of CT images. The HU is a relative scale, calculated through a linear 

transformation of the linear attenuation coefficient of the photon beam, where 

water and air at standard pressure and temperature are defined to 0 and -1000 

HU, respectively (24, 27). Although often used for quantitative measurements, HU 

is known to be dependent on various CT parameters, including the design of the 
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individual system, reconstruction algorithm, X-ray kilovoltage, position of the 

object, scatter effects and various other artifacts such as beam hardening (28). 

Even though modern CT systems can correct for some of these factors in the 

image reconstruction process, HU consistency is typically checked and 

calibrated at regular intervals (25).  

 

1.4.2 Non-contrast CT 

Non-contrast CT is a widely available diagnostic tool used to investigate the 

presence of various intracranial pathologies, including cerebral ischemia (29). A 

non-contrast CT scan is typically the first diagnostic investigation to be done in 

order to exclude the presence of intracranial hemorrhage (i.e. hemorrhagic 

stroke) and extensive infarction, as both are contraindications for intravenous 

thrombolytic therapy. Today, non-contrast CT provides sub-millimeter 

resolution in x, y as well as z direction (3D) and is an efficacious diagnostic 

imaging technique because of high resolution, high availability and quick scan 

time.  

 

1.4.2.1 Alberta stroke program early CT score 

The Alberta stroke program early CT score (ASPECTS) is a well-established 

ordinal 10-point scoring system typically applied to non-contrast CT to assess 

the extent and localization of ischemic damage to cerebral regions supplied by 

the middle cerebral artery (30). ASPECTS has been shown to correlate with 

functional outcome and death (31), with a high score indicating that fewer 

cerebral regions are ischemic, compared to a low score. It has been used to 

assess patient eligibility for large clinical trials and is today an important tool in 

clinical routine for ascertaining eligibility of patients with suspected acute 

anterior LVO for endovascular thrombectomy (18, 19, 21, 22). More recently, an 

automated ASPECTS algorithm (e-ASPECTS) has been shown to perform non-

inferior to neuroradiologists (32) and has greater sensitivity than junior stroke 
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physicians (33) in scoring ASPECTS on CT scans of patients with acute anterior 

circulation LVO. Moreover, e-ASPECTS correlates with functional outcome after 

mechanical thrombectomy (34, 35).  

 

1.4.3 CT angiography 

CT angiography (CTA) serves the purpose of mapping the cerebral vascular 

anatomy as well as identifying any occlusion, stenosis or vessel anomaly which 

could have implications on treatment strategy. CTA is performed with, and 

synchronized to, intravenous iodine contrast agent administration. With CTA, one 

can identify the thrombus in the case of an ischemic stroke. Approximately 80% 

of all ischemic strokes occur in the anterior circulation. Currently, there is 

substantial evidence (16-22, 36) that it is possible to access and extract 

occlusions located in proximal anterior circulation vessels such as the internal 

carotid artery (ICA) and middle cerebral artery (MCA) M1 and proximal M2 

segments; an occlusion in these vessel territories constitutes the core definition 

of a LVO (37). In addition, the LVO definition encompasses occlusions of the 

distal vertebral artery and basilar artery and are therefore also deemed 

accessible by thrombectomy (37). 

 

1.4.4 CT perfusion 

Using dynamic information provided by CT perfusion (CTP), early manifest 

infarctions not visible on non-contrast CT can be detected. This information is 

crucial as manifest ischemia increases the risk and decreases potential benefit 

of endovascular recanalization therapies. Equally important, dynamic imaging 

also visualizes tissue with decreased blood flow at risk of manifest ischemia 

(penumbra) that could potentially be salvaged by endovascular recanalization. 

Similar to CTA, CTP is performed with and synchronized to intravenous iodine 

contrast agent administration. However, CTP involves repeated scans over the 

head (usually 17─35 sweeps) over the course of 40─60 seconds. The 
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assessment of CTP involves a “mismatch” concept where the estimated 

ischemic core is subtracted from the total critical perfusion deficit. Several 

parameters and thresholds have been described, most frequently validated by 

comparing the final infarct volume on magnetic resonance imaging in cases 

where either no reperfusion or complete reperfusion were achieved (38). A 

relative cerebral blood flow (rCBF) below 30% of the normally perfused brain 

tissue has been validated as a robust definition of ischemic core (38). Typically, 

the critical perfusion deficit is defined by parameters related to the temporal 

dynamics of the blood concentration. A delay over six seconds for the 

parameter Tmax has shown to be a good estimate of critical hypoperfusion 

destined to infarction in the absence of reperfusion (38). Multiple software tools 

are available to assess CTP parameters, with some agreement differences (38, 

39). Importantly, it has been shown that the ischemic core may be 

overestimated in patients with LVO imaged soon after symptom onset when 

using the rCBF 30% definition (38, 40). This emphasizes caution when evaluating 

CTP image data, which should be interpreted as a hemodynamic state rather 

than true tissue fate, as other factors needs to be taken into consideration (40). 

The HERMES collaboration (16) indicated that dynamic imaging was beneficial in 

selecting patients for thrombectomy, and subsequent large studies such as 

DAWN and DEFUSE 3 (22, 23) both used dynamic imaging for patient selection in 

an extended time window (up to 24 hrs. from symptom onset). Similarly, patient 

selection by perfusion imaging for thrombolysis in an extended time frame 

(4.5─9.0 hrs.) has also been proven to correlate with beneficial outcome (15, 41). 

Accordingly, CTP has rapidly become an established practice at many 

comprehensive stroke centers worldwide when assessing patients with 

suspected AIS.  

 

1.4.5 Multiphase CT angiography 

An alternative or complement to CTP to assess vessel perfusion dynamics is to 

use multiphase CTA (mCTA). This technique usually involves three consecutive 
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CTA scans, approximately 8 seconds apart. mCTA has been shown to correlate 

with functional outcome in patients better than a single-phase CTA (42) and 

determined a reliable tool for imaging selection in patients with AIS (43). 

Moreover, mCTA has been shown to predict tissue fate similar to CTP in patients 

with AIS (44). The assessment of mCTA does not necessarily involve additional 

software tool analysis (which is required for CTP), and thus makes mCTA easier 

to use and less dependent on advanced processing algorithms. 

 

1.4.6 Cone-beam CT 

Flat detectors are used in a multitude of clinical imaging applications. In 

interventional neuroradiology, endovascular recanalization is performed with X-

ray guidance in an interventional suite equipped with a flat detector C-arm 

system (45). The flat detector is predominantly used for 2D image guidance, 

however, it can also be used for diagnostic 3D imaging by rotating the X-ray tube 

and opposed detector around the patient and reconstructing the resulting 3D 

volume. This imaging modality is termed cone-beam CT (CBCT). CBCT using 

indirect-detection flat detectors for bone and soft-tissue assessment was 

introduced in 2000 (46). The technique has similarities to conventional CT, but 

acquires an entire volumetric image through a single rotation by utilizing a cone-

shaped X-ray beam and a large flat image detector (46). Due to space 

constraints in interventional procedures, an incomplete rotation of the detector 

(such as 200 degrees) can be employed, resulting in the need to weight the 

input data for the reconstruction (47). 

CBCT is frequently used in conjunction with interventional procedures to assess 

anatomy and associated pathology. It can be used to depict iodine contrast 

enhanced blood vessels, visualize target lesions, for periprocedural information 

such as stent placement, as well as for detection of procedure related 

complications such as hemorrhage (48-51). The technique is also used to assess 

bone morphology of the middle and inner ear, and in dentistry applications (52-

54).  
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One specific challenge associated with CBCT is increased X-ray scatter due to 

the cone angle and comparatively large detector (55). Similar to CT, CBCT also 

suffers from appreciable beam-hardening effects (56). Scatter, beam-hardening 

and other effects contribute to artifact formation (such as cupping and streak 

artifacts), increased noise, decreased contrast and affects the quantitative 

measure of radiodensity in CBCT (55-57). Consequently, CBCT images typically 

have a quantitative gray scale not identical, but with strong correlation to HU, 

and can be referred to simply as a “CT number” (46, 58). 

 

1.4.6.1 Clinical limitations and emerging possibilities of CBCT 

For LVO stroke patients, CBCT with an interventional C-arm system could be an 

alternative to CT to shorten the door to thrombectomy time (59, 60). However, 

CBCT is less sensitive than CT in identifying hemorrhage (48, 61) and early 

ischemic changes (62-64). Due to several factors, including X-ray scatter, 

detector limitations and beam hardening artifacts, flat detector systems 

typically provide limited discernment of low contrast tissues, such as gray and 

white matter in the brain (51, 65). Furthermore, conventional CBCT is limited to 

integrated full energy spectrum (polyenergetic) image acquisitions and cannot 

be used for material or energy selective imaging or to estimate tissue properties 

such as effective atomic number (Zeff) or electron density (ED). 

Some studies indicate that latest generation CBCT could replace CT in the 

setting of acute stroke, with reference to ASPECTS score accuracy, hemorrhage 

detection and image quality (65-67). Studies on intravenous CBCT angiography 

(CBCTA) have shown equal or better results compared to CTA for the diagnosis 

of proximal middle cerebral artery occlusions or intracranial stenoses (62, 63). A 

study in 10 patients indicated superior image quality results in multiple CBCTA 

arterial segments compared to CTA, however the patient cohort was biased, 

heterogenous and only individual vessel segments were analyzed (68). A 

retrospective study on 16 stroke patients with LVO of the anterior circulation 

showed that CBCTA generated from a volume perfusion scan could reliably 
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identify the occlusion site of the internal carotid and the proximal middle 

cerebral artery, however the study did not find CBCTA superior to CTA (69).  

Three single-center studies (two observational and one randomized clinical trial) 

have indicated that transferring patients with stroke symptoms directly to the 

interventional suite may reduce intra-hospital time delays and improve 

functional outcome in those subjected to thrombectomy (60, 70, 71). A 

multicenter trial is being conducted to study the generalizability of the results 

(72). 

 

 

Figure 2. An interventional bi-plane system with flat detectors capable of 
performing 2D X-ray acquisitions as well as 3D CBCT acquisitions. The CBCT 

acquisitions are performed using the floor-mounted X-ray tube and detector. 
Reprinted with permission from Heidrun Steinhauser, project leader of the NEXIS 
consortium. 

 

1.5 Dual-energy imaging 

In 1953, B. Jacobson presented “dichromography”, a method to measure the 

concentration of iodine in X-ray images using two different energy exposures, 

which may be regarded as the first medical application of dual-energy imaging 
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(73). Today, “dual-energy” is a common terminology used in X-ray imaging where 

information from two different X-ray spectra are used to generate an image (74).  

The main photon interactions in the energy range used for diagnostic imaging 

are through Compton Scattering (CS) and Photoelectric Effect (PE). Essentially, 

the composition of the tissue or material (density and atomic number) 

determines the probability of a photon of a certain energy to interact by either 

CS or PE. The PE interaction component shows a greater energy dependency in 

the diagnostic energy range compared to the CS component, which is 

fundamental in the generation of dual-energy information (74). 

 

1.5.1 Dual-energy CT 

Dual energy CT (DECT) was first proposed in 1976 (75) and subsequently 

implemented in a commercial CT system in the 1980s (76). Dual-energy imaging 

have gained attention over the last decades, with an associated increase in 

clinical DECT applications to improve image quality and to extract additional 

image information (74, 77, 78).  

Detectors in conventional and dual-energy CT typically consists of a scintillator 

material where the incident photon energy is converted to a light signal (indirect 

detection). These detectors are termed energy integrating detectors (EIDs), 

where the detected signal is proportional to the total energy deposited from all 

photons incident on the detector at a given time, with no information about 

individual photon energy (25, 79). To enable dual-energy information in one 

single CT acquisition, different solutions have been employed, including dual-

source imaging, dual-layer detectors, fast kilovoltage peak (kVp) switching and 

split filter techniques (80-83).  
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1.5.1.1 Imaging applications with a focus on stroke 

Material decomposition is typically used to extract dual-energy information. This 

is accomplished by dividing the acquired projection or image data into basis 

function pairs based on the photon energy and linear attenuation coefficients 

(74, 84). By combining the two basis functions, it is possible to derive energy 

selective images, such as virtual monoenergetic images (VMI) or material 

specific images such as iodine maps, virtual non-contrast (VNC) or virtual non-

calcium images, which are of interest in diagnostic radiology (74, 77, 78). 

Moreover, the spatial distribution of tissue properties such as Zeff and ED may be 

reconstructed which can be of interest both in radiotherapy planning and 

diagnostic radiology (85-89).  

VMI can add value to a diagnostic investigation by offering the potential of 

improved visualization of tissues, iodine and pathology (90-92). In VMI, the 

estimated attenuation at a specific photon energy is shown, whereas in a 

conventional reconstruction the attenuation is averaged over the X-ray beam 

spectrum. The theoretical benefit of VMI is essentially based on the relationship 

of CS and PE in a certain tissue. For iodine and materials of high atomic number, 

low energy VMI are dominated by attenuation due to PE and high energy VMI are 

dominated by the attenuation caused by CS. In soft tissues and water, the 

attenuation is dominated by CS in the diagnostic energy range, however the PE 

component is larger in low energy VMI. Optimization of contrast is possible given 

that the overall attenuation of tissues or features changes differently with 

energy. 

Due to the ability to remove iodine contrast staining with DECT it has been 

shown to better distinguish ischemia after endovascular thrombectomy (93, 94), 

and distinguish between extravasated contrast medium and intracerebral 

hemorrhage after both endovascular thrombectomy and intravenous 

thrombolysis alone (95, 96). VMI reconstructed from dual-energy CTA scans 

show superior image quality and improve the diagnostic assessment of 

intracranial vessels when compared to conventional reconstructions (97-99). 
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Recent studies show promising results using different DECT techniques for acute 

stroke imaging by enhancing visualization of edema (100-103) or by the use of 

VMI (104, 105). At the start of this thesis project, the role of VMI to detect early 

ischemic changes in patients with suspected anterior circulation large vessel 

occlusion stroke had not been established.  

 

Figure 3. A dual-layer detector DECT system at Karolinska University Hospital. 
On the outside, conventional CT and DECT systems have a similar appearance.  

 

1.5.1.2 Dual-layer detector CT 

A dual-layer detector CT (DL-DECT) adds dual-energy information to any 

acquisition performed with 120 or 140 kVp, i.e. it is “always in dual-energy mode” 

(81, 106). Essentially, low-energy photons are captured by the upper detector 

layer, whereas the bottom layer predominately captures the high-energy 

photons, as shown in figure 4 (106, 107). Unlike several other DECT techniques, 

image acquisition is with full field-of-view and benefit from perfectly registered 

spatial data and therefore the possibility of basis decomposition in the 

projection domain (106, 107). Beam hardening artifact reduction is an intrinsic 

benefit of projection-based decomposition (74, 75). Consequently, intracranial 
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metal artifact reduction has been shown in VMIs across the energy range (108). 

In addition, anti-correlated noise reduction can be exploited (109), which has 

been shown to improve image quality by optimizing CNR in previous studies on 

both phantoms and patients (91, 110-112). Previous studies on DL-DECT VMI have 

indicated superior intracranial image quality compared to conventional 

polyenergetic image reconstructions (91, 110, 112). In addition, it has been 

suggested that radiation dose may be reduced in non-contrast brain scans (113).  

 

 

Figure 4. The concept of a dual-layer detector. Low-energy (LE) photons are 
registered in the top layer. The bottom layer captures the high energy (HE) 

photons. 

 

1.5.2 Dual-energy cone-beam CT 

Given the advantages described with DECT imaging in the previous section, 

employing photon energy spectrum separation in CBCT could generate energy 

and material selective images and thus improve tissue and iodine visualization. If 

a projection domain based reconstruction technique is employed (for example, 

using a dual-layer detector), it would also be possible to mitigate beam 

hardening artifacts and improve noise characteristics through anti-correlated 

noise reduction. This might improve the diagnostic properties of CBCT and 

increase its use in various clinical settings, including stroke imaging. 

At the beginning of my doctoral studies, the most commonly used approach for 

studies on dual-energy CBCT (DE-CBCT) was temporal sequential scanning, 
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meaning two consecutive CBCT scans at low and high energy (114-117). This 

technique improved image quality and therefore also the accuracy of CBCT-

based radiotherapy dose calculation (114, 116, 117). Evidently, sequential scanning 

is inconvenient as it results in increased acquisition time, with an increased risk 

of patient motion artifacts (118). In the setting of interventional radiology, rapid 

kV-switching DE-CBCT has been demonstrated, with disadvantages related to 

the speed of detector signal decay, as well as requiring a large separation in tube 

voltages (119). 

 

1.5.2.1 Dual-layer detector CBCT  

The idea of a layered flat detector for DE-CBCT has been studied with 

megavoltage (MV) beams, and more recently a kV dual-layer DE-CBCT (DL-DE-

CBCT) flat detector prototype was described (120, 121). In kV DL-DE-CBCT, 

successful basis material decomposition and VMI reconstructions were 

performed (121). 

Currently, there are no interventional C-arm systems capable of separating 

photon energy spectra in one rotational CBCT acquisition. Such a system, based 

on a dual-layer detector with the benefit of projection domain image 

reconstruction, would have the potential to acquire a diagnostic CBCT of 

improved quality in a multitude of clinical settings. In the setting of suspected 

LVO stroke, a sufficiently diagnostic CBCT acquisition in the interventional suite 

could replace CT, saving time, resources and have the potential of improved 

patient functional outcome (60, 70). As addressed in previous sections, material 

selective DE-CBCT reconstructions would also enable separation of blood from 

iodine, which is important when assessing complications after ischemic stroke 

treatment (95, 96). Moreover, improved tissue characterization would have 

potential utility outside stroke diagnosis and treatment, such as in adaptive 

radiotherapy (118). 
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1.6 Patient outcome  

Treatment impact on patient functional outcome is of paramount importance. 

Selecting the most beneficial treatment for a patient can be challenging. 

Determination of tissue with irreversible damage (infarct) and regions with 

impaired oxygenation at risk of irreversible damage (penumbra) in relation to 

unaffected brain tissue gives important insight of brain integrity in the acute 

stroke phase. Infarct core volume assessed on non-contrast CT alone does not 

seem to predict patient outcome (122), however it has been shown that 

information from dynamic imaging (such as CTP), about ischemia and penumbra 

extent and localization, correlates to patient outcome (123). This justifies the 

rationale of diagnostic perfusion imaging performed before decision on 

treatment strategy in many of the large thrombectomy studies (16, 19, 20, 22, 23). 

Although perfusion imaging may seem important, the necessity of it for patient 

outcome prediction has been discussed and possible alternatives have been 

addressed. As mentioned in previous sections, it has been shown that mCTA 

predicts tissue fate similarly to CTP (44) and even that single phase CTA 

collateral scoring may suffice for patient outcome prediction (124), obviating the 

need for mCTA and CTP for certain patients. 

 

1.6.1 Time to treatment 

Despite advancements of innovative imaging techniques and in the treatment 

of ischemic stroke, time management for patients potentially eligible for 

thrombectomy may be improved (125, 126). When the patient arrives at the 

hospital, he/she typically must first be transported to the CT scanner for 

diagnosis and then further to the interventional suite for thrombectomy. This 

consumes time and resources, and it is estimated that about 2 million neurons 

are lost per minute during an acute ischemic stroke caused by a large vessel 

occlusion (127). Consequently, a delay to efficient treatment may lead to 

additional manifest brain ischemia and poorer functional outcome (128). In 
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recent years, the concept of stroke diagnosis and treatment in the 

interventional angiography suite has been proven feasible in single-center 

studies, minimizing time to recanalization of occluded intracranial arteries (59, 

70, 126).  
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2 Thesis overview 
 

 

Figure 5. A visualization of the papers included in this thesis and their 
relationship to each other, with a brief description. DL-CBCTA = Dual-layer CBCT 
angiography, CTA = CT angiography. 
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3 Research aims 
The overarching aim of this doctoral thesis was to study the utility and feasibility 

of dual-energy imaging in acute stroke (paper I-IV). The majority of the work 

presented is dedicated to a prototype dual-layer detector cone-beam CT (DL-

CBCT) system (paper II-IV).  

Given the theoretical benefits of improved image quality in dual-energy imaging, 

we first explored how virtual monoenergetic images (VMI) impact the 

identification of early ischemic changes in the brain using a commercially 

available imaging technique: non-contrast dual-layer dual-energy CT (paper I).  

In paper II, we characterized a prototype DL-CBCT C-arm system with respect 

to technical performance through phantom studies. 

In paper III and IV, we evaluated the performance of the prototype DL-CBCT 

system in stroke patients. Specifically, we studied the diagnostic accuracy of 

non-contrast DL-CBCT 75 keV VMI compared to CT in paper III. In paper IV, we 

studied the performance of intravenous DL-CBCTA 70 keV VMI compared to 

CTA. For both paper III and IV, We hypothesized that VMI DL-CBCT/A is 

sufficient for stroke diagnosis in the interventional suite.  

Accordingly, we aimed to answer these research questions: 

I. What is the diagnostic performance of automated ASPECTS in 40 – 

120 keV VMI images compared to conventional CT? 

II. How does the prototype DL-CBCT system perform with respect to 

technical image quality metrics, based on reconstructed images of 

phantoms? 

III. Is non-contrast DL-CBCT 75 keV VMI non-inferior to non-contrast CT 

with regards to hemorrhage detection and ASPECTS accuracy? 

IV. Is DL-CBCTA 70 keV VMI non-inferior to CTA with regards to arterial 

vessel visibility? 
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4 Materials and methods 

4.1 Overview 

 Paper 

Characteristic I II III IV 

Data collection Retrospective Prospective Prospective Prospective 

Design Cohort - Cohort Cohort 

Participants Human Phantom Human Human 

Image modality, 
reconstruction 

DL-CT 

Non-contrast 
40-120 keV VMI 

DL-CBCT 

Conventional, 
VMI, material 
characterization 

DL-CBCT 

Non-contrast 
75 keV VMI 

DL-CBCT 

70 keV VMI 
angiography 

Reference 
standard 
modality, 
reconstruction 

CT 

Non-contrast 
conventional 
images 

CBCT, DL-CT 

Conventional, 
VMI, material 
selective 

CT 

Non-contrast 
conventional 
images 

CT 

Conventional 
angiography 

Patients studied  24 - 27 21 

Inclusion period Nov 2018 – July 
2019 

Feb 2020 - Feb 
2021 

Nov 2020 – Apr 
2021 

Nov 2020 – Apr 
2021 

Endpoints Automated 
ASPECTS 
accuracy 

Characterize 
MTF, noise, 
uniformity, Zeff, 
ED, iodine 

quantification, 
VNC, CNR, CT 
number  

Hemorrhage 
and ASPECTS 
accuracy, 
subjective 

image quality, 
CNR, SNR, noise, 
artifacts 

Vessel visibility, 
artifacts 

Table 1. Overview of the papers included in this thesis. As the dual-layer design 
implies dual-energy capability, the abbreviation used henceforth is DL-CT and 
DL-CBCT instead of DL-DECT and DL-DE-CBCT. 
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4.2 Paper I 

4.2.1 Population  

This retrospective single-center study included adult patients presenting with 

acute ischemic stroke caused by an occlusion of the intracranial internal carotid 

artery or proximal middle cerebral artery. Patients with previous stroke in the 

anterior circulation were excluded. Data was gathered on consecutive patients 

admitted to our institution between November 2018 and July 2019 who 

underwent initial diagnostic stroke imaging with DL-CT (IQon Spectral CT, Philips 

Healthcare, the Netherlands) and a subsequent routine follow-up CT one to 

three days after admission.  

 

4.2.2 Image reconstruction 

Conventional polyenergetic image reconstructions and VMI reconstructions at 

levels of 40 to 120 keV increments of 5 keV between 40 and 80 keV and in 

increments of 10–20 keV between 80 and 120 keV were obtained and 

reconstructed with 5 mm slice thickness. The conventional polyenergetic image 

reconstructions were performed per clinical routine and used for routine 

diagnostic workup.  

 

4.2.3 Image analysis  

In an attempt to limit interrater variability and bias, DL-CT conventional and VMI 

reconstructions were analyzed with an automated ASPECTS software (e-

ASPECTS, v8.0, Brainomix Limited, Oxford, UK). DL-CT conventional 

reconstructions and routine follow-up CT were analyzed by three experienced 

stroke radiology raters to determine a reference standard ASPECTS 

(refASPECTS). Similar to a previous study validating the performance of e-

ASPECTS (32), refASPECTS was defined as lesions present on both initial imaging 
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and follow-up CT. This meant that infarcts visible only on follow-up CT were not 

included in refASPECTS, as they could have developed after the initial scan. 

Consequently, the refASPECTS was not variable to treatment outcome. Only 

lesions identified by a majority of readers (i.e. two out of three) were included. 

Readers analyzed the images independently and were blinded to all information 

except the laterality of neurological symptoms, attempting to mimic the clinical 

setting of a stroke neuroradiologist. As the readers were not blinded to symptom 

laterality, 10 unilateral ASPECTS regions (in the hemisphere contralateral to 

patient symptoms) were evaluated per patient: four regions at ganglionic level 

(Caudate nucleus, Lentiform nucleus, Internal capsule and Insula) and six cortical 

regions (M1–M6).  

 

4.2.4 Data analysis 

Performance of conventional and VMI automated ASPECTS in relation to 

refASPECTS was analyzed using R statistical software (v3.6.3, The R Foundation 

for Statistical Computing). Region-based results of the automated ASPECTS 

conventional and VMI reconstructions were compared to refASPECTS to 

determine the true positive, false positive, true negative and false negative 

performance rate. Sensitivity, specificity, accuracy, negative predictive value and 

positive predictive value of each automated ASPECTS result was calculated. A 

95% confidence interval (CI) was used to evaluate significance. For sensitivity 

and specificity, the CIs were adjusted by a ratio estimator (129), as the region-

based analysis involved multiple (clustered) observations within each patient. If 

the number of positive or negative observations were six or below, the Wilson CI 

was used (130). For predictive values, the standard logit CI was calculated (131). 

Moreover, score-based error of conventional and VMI automated ASPECTS 

compared to refASPECTS was assessed by Bland-Altman plots.  
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4.3 Paper II 

In this paper, several image properties of a prototype DL-CBCT C-arm system 

were evaluated with respect to reconstructed image performance. 

4.3.1 System modification 

Experiments in this study were made with a non-commercial prototype DL-

CBCT system (Allura NEXIS Investigational Device, Philips Healthcare, The 

Netherlands, shown in figure 6). The DL-CBCT system is a modification of a 

commercial interventional C-arm X-ray system with CBCT imaging capability 

(Allura Xper FD20/15, Philips Healthcare, The Netherlands). Instead of the 

standard single-layer detector, the prototype is equipped with a dual-layer 20 

inch non-CE marked detector. In essence, the prototype detector consists of 

two detector layers stacked on top of each other. Each layer consists of a flat 

detector based on a cesium iodide scintillator (see figure 4 for a schematic 

drawing). 

4.3.2 Performance indicators evaluated 

As a baseline indication of detector spatial resolution and image noise, the 

modulation transfer function (MTF) and image noise of the top layer standard 

reconstruction of the prototype was compared to a clinically available single 

detector layer CBCT C-arm system (Allura Xper FD20/15, Philips Healthcare, The 

Netherlands). Noise and uniformity characteristics of the updated top and 

bottom layer images (“front layer” and “combined layer” reconstructions as well 

as reconstructions of VNC and a multitude of VMIs) were then characterized. 

Material attribution feasibility was assessed by evaluating the accuracy of 

estimates of effective atomic number (Zeff) and electron density (ED). Finally, the 

potential clinical advantages of the DL-CBCT were explored by quantifying the 

contrast-to-noise ratio (CNR) and CT number accuracy of relevant tissue 

substitutes, and assessing the performance in quantifying and suppressing 

iodine by means of iodine maps and VNC images. 
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Figure 6. The prototype DL-CBCT C-arm system (Allura NEXIS Investigational 
Device, Philips Healthcare, The Netherlands), on the outside practically identical 
to the commercial single detector layer CBCT C-arm system (Allura Xper 
FD20/15, Philips Healthcare, The Netherlands). 

 

4.3.3 Phantoms 

A Catphan CTP528 module (The Phantom Laboratory, Greenwich, NY, USA) 

containing line bars and spherical beads was used to assess the MTF. A 

cylindrical 19 cm diameter water phantom with plastic casing was used to 

evaluate CT-number uniformity and noise. Both phantoms were positioned in 

scan isocenter, suspended at the base and hanging free in air (see figure 7 A and 

B). The head module of the multi energy CT phantom model 662 (CIRS, Norfolk, 

VA, USA) was used to evaluate the attenuation of different inserts equivalent to 

various tissues, blood and iodine concentrations. This phantom was positioned 

at the scan isocenter, suspended by a carbon head rest over the table, 

simulating the position of a head scan (see figure 7 C). 
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Figure 7. Setups of the different experiments. MTF measurements (A), water 
measurements (B) and multi energy phantom measurements (C). 

 

4.3.4 Image reconstruction 

Both non-spectral and spectral images were generated from the DL-CBCT 

scans. Virtual monoenergetic (VMI), iodine map, VNC, Zeff and ED images were 

derived from material-decomposed Compton scatter and photo electric base 

functions in the projection domain (84). Noise suppression was realized as an 

optional step by exploiting the anti-correlated noise behavior after material 

decomposition (109). When used, noise suppression was applied to the material 

base images such that the noise in the VMI image at 70 keV matched that of a 

combined layer reconstruction. This was close to the fluence-weighted mean 

photon energy of the incident beam, 68 keV, determined using the SpekPy 

spectrum model (132). Since the denoising was done on the material base 

images and all other images are derived ones, all spectral images benefited from 

the denoising.  
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4.3.5 Data collection and analysis 

Data collection was made with the ROI manager in ImageJ (U. S. National 

Institutes of Health, Bethesda, MD, USA) for all metrics except MTF which was 

collected using an automated software (Smári, The Phantom Laboratory, 

Greenwich, NY, USA). See figure 8 for an axial slice of ROIs used in the water 

phantom and multi energy phantom. The calculated CT numbers were obtained 

using the batch-specific elemental compositions and densities of the tissue 

substitutes as specified by the manufacturer. The National Institute of Standards 

and Technology (NIST) XCOM database was used to calculate the linear 

attenuation coefficients (133). Specific details about the collection of data 

variables for the various metrics are described in paper II. Normally distributed 

data was presented as mean with standard deviations. 

 

 

Figure 8. Virtual monoenergetic images at 70 keV with ROI placements. Water 
phantom (A), tissue equivalent inserts in multi energy phantom (B), iodine and 
blood equivalent inserts in multi energy phantom (C). Slice thickness 0.66 mm, 
window level 50, window width 500. 
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4.4 Paper III & IV 

4.4.1 Study design and participants 

The Next Generation X-ray Imaging System (NEXIS) trial was a single-center 

prospective cohort study conducted at a comprehensive stroke center 

(Clinicaltrials.gov identifier: NCT04571099). Patients with symptoms suggestive 

of an acute anterior circulation large vessel occlusion were triaged directly to the 

comprehensive stroke center as per clinical routine (134). Participants aged 50 

years or older with ischemic stroke of the anterior circulation or hemorrhagic 

stroke were consecutively enrolled during office hours November 2020 – April 

2021, after signing an informed consent. Initial imaging was performed according 

to clinical routine, typically including a non-contrast CT of the brain, multiphase 

CT angiography and CT perfusion. Depending on eligibility criteria, participants 

were imaged with non-contrast DL-CBCT and a single phase intravenous DL-

CBCT angiography (DL-CBCTA) in an adjacent room once or twice (the same 

day as initial CT or/and one day after initial CT). If the participant was imaged 

with DL-CBCT/A one day after initial CT, it was done in conjunction with a follow-

up non-contrast CT. A flow diagram of study participation is presented in figure 

9. The DL-CBCT system (Allura NEXIS Investigational Device, Philips Healthcare) 

was a commercial interventional C-arm X-ray system (Allura Xper FD20/15, 

Philips Healthcare) fitted with a dual-layer 20 inch non-CE marked detector 

prototype, as described in paper II.  
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Figure 9. Schematic representation of the inclusion groups in a flow diagram. DE-
CBCT = Dual-layer cone-beam CT, DECT= Dual-energy CT, neCT = Non-contrast 
CT, mCTA = multiphase CT angiography. 

 

4.4.2 Image acquisition and reconstruction 

Identical acquisition parameters were used in paper III and IV. In paper IV, all DL-

CBCTA and CTA scans were with the same automated injection protocol: 85 ml 

of iodine 320 mg I/ml (Visipaque, GE Healthcare) 5 ml/s into a peripheral vein 

followed by a 80 ml saline chaser. The second phase CTA standard 

reconstruction was included in the study as reference standard, as it was 

reconstructed with a smaller field of view and the timing was typically more 

similar to the DL-CBCTA contrast phase (late arterial/arteriovenous). As 

described in paper II, DL-CBCT/A VMI images were derived from Compton and 

photoelectric base functions (basis material decomposition was performed in 

the projection domain) (84). Also, anti-correlated noise reduction was exploited 

as an inherent benefit of DL-CBCT/A (109). 

 

4.4.3 Image analysis 

Blinded pilot studies were performed by expert readers to determine the 

optimal VMI energy (50-90 keV) and noise reduction levels (three different 

levels) for stroke evaluation in the DL-CBCT/A images. Accordingly, DL-CBCT 75 

keV VMI (paper III) and DL-CBCTA 70 keV VMI (paper IV) were selected with 
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moderate denoising level. Together with reference standard CT/A the images 

were randomized and evaluated independently by three neuroradiologists. 

Images were presented one modality at a time in a single-sequence, two-period 

crossover design with a mean washout period of 4 weeks (range 2–8 weeks). 

Readers were blinded to modality and there was no clinical information, such as 

symptom lateralization. A dedicated study software was used which allowed 

changes in slice thickness, viewing plane, window level and window width.  

 

4.4.3.1 Assessment for pathology (paper III) 

In paper III, the presence of hemorrhage and ASPECTS infarcts were evaluated on 

DL-CBCT. The corresponding CT result constituted the reference standard, as 

judged by the individual reader. In addition to individual reader results, the 

majority analysis is also presented, i.e. hemorrhage or infarcts according to at 

least 2 out of 3 readers. 

 

4.4.3.2 Subjective image quality (paper III and IV) 

In paper III, discrimination between gray and white matter was subjectively 

assessed in 17 supra- and infratentorial brain regions (ASPECTS regions and brain 

regions typically affected by artifacts) using 5-point Likert scales (5: Excellent, 

fully diagnostic, 1: None, uncertain for diagnosis). The perception of intracranial 

structures and artifact presence were assessed in 26 brain areas, including CSF 

spaces and brain stem in addition to the abovementioned regions (5: Excellent 

structure perception/No artifacts, 1: Structure not visible/Extensive artifacts, 

diagnostic evaluation impossible). 

In paper IV, vessel visibility and artifact presence were evaluated separately as 

indicators of diagnostic quality on 5-point Likert scales, adopted with slight 

modifications from previous studies (5: excellent vessel visibility or no artifacts, 1: 

vessel not visible or extensive artifacts) (69, 135). Sixteen intracranial arterial 

segments were prospectively defined for the reader study. For the powered 
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analysis, some arterial segments were merged to render eleven arterial segments 

per patient. The score difference between DL-CBCTA and CTA for each segment 

in each patient determined whether a segment was considered inferior, equal or 

superior. In addition to individual reader results, the majority analysis is 

presented, i.e. segment judged as superior/equal vs inferior compared to CTA by 

at least 2 out of 3 readers. 

 

4.4.3.3 Objective image quality (paper III) 

In paper III, objective image quality was assessed by circular ROIs on 5 mm thick 

axial slices in the asymptomatic hemisphere, in accordance with previous 

studies on dual-energy CT of the brain (90-92). Noise, SNR and CNR for gray and 

white matter were determined using 25 mm2 ROIs in two cortical locations and 

their juxtacortical white matter at the level of the basal ganglia, in the thalamus 

and the posterior limb of the internal capsule. To assess the impact of artifacts 

one 25 mm2 ROI was placed adjacent to the skull bone at the level of the basal 

ganglia (in the “subcalvarial space” (91)), and one 200 mm2 ROI in the 

interpetrous region of the posterior fossa. ROIs were automatically matched to 

the identical position in DL-CBCT and CT (see figure 10). 
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Figure 10. Axial non-contrast images of a participant with ischemic stroke. C–D 
show CT images with ROIs in the asymptomatic hemisphere and in the posterior 
fossa: gray matter (Magenta), adjacent white matter (Green), adjacent to the 
calvarium (“Subcalvarial”, Yellow) and in the posterior fossa (Orange). ROIs were 
automatically matched to the identical position in the DL-CBCT 75 keV images 
(A–B). All W/L: 75/25, 5 mm slices with average intensity projection. DL-CBCT = 
Dual-layer cone-beam CT, ROI = Region of interest. 

 

4.4.4 Statistical considerations  

4.4.4.1 Sample size justifications 

Sample size estimations aimed to prove diagnostic quality non-inferiority of DL-

CBCT compared to CT according to three prospectively defined performance 

goals with thresholds for non-inferiority.  

The sample size for the primary endpoint (presented in paper III) was trait-

based, encompassing the 10 ASPECTS regions of the affected hemisphere in 

each participant. To evaluate the diagnostic accuracy of non-contrast DL-CBCT 

compared to reference standard CT, it was estimated that a sample size of 137 
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was required to render a power of 90% (target accuracy of 0.90, performance 

goal lower boundary of 0.80, one-sided alpha of 0.025). The lower boundary of 

the ASPECTS performance goal was set to not risk more than 20% false 

negatives or false positives (i.e. two ASPECTS areas). For this endpoint, a 

minimum sample size of 14 participants (140 regions) was required. 

The 1st secondary endpoint was vessel tree visibility of DL-CBCTA (presented in 

paper IV). This endpoint was also trait-based, using 11 arterial segments for each 

participant. To evaluate the proportion of segments rated equal or superior to 

reference standard CTA, it was estimated that a sample size of 126 was required 

to render a power of 80% (target proportion of 0.90, performance goal lower 

boundary of 0.80, one-sided alpha of 0.0125, adjusted for multiple secondary 

endpoints). For this endpoint, a minimum sample size of 12 participants (132 

segments) was required.  

The 2nd secondary endpoint was diagnostic accuracy to determine the presence 

of intracranial hemorrhage (presented in paper III), comparing non-contrast DL-

CBCT to reference standard CT. The endpoint was participant-based and it was 

estimated that a sample size of 20 was required to render a power greater than 

95% (target accuracy of 0.9999, performance goal lower boundary of 0.80, one-

sided alpha of 0.0125, adjusted for multiple secondary endpoints). The target for 

hemorrhage detection was set to not miss any bleeding given a limited number 

of participants. The estimated sample size included both participants with 

hemorrhage and negative controls, with a threshold of at least a 0.25 prevalence. 

For this endpoint, a minimum sample size of 20 was required. 

In total, the minimum sample size required was estimated to 20 participants, of 

which two-thirds have ischemia, one-third have intracranial hemorrhage, and at 

least half must have done a DL-CBCTA. Our estimated necessary sample size 

was 29 subjects, taking optimizations and potential invalid data into account. 
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4.4.4.2 Statistical analyses 

For the powered endpoints listed in the previous section, the exact binomial test 

with one-sided 98.75% confidence intervals (adjusted for multiple powered 

endpoints) was used, significance level p<0.0125. In paper IV, within-subject 

correlation of arterial segments was assessed by the Cochran-Mantel-Haenszel 

test (136). 

In paper III, per-region ASPECTS agreement was assessed by the exact Fleiss 

Kappa, as it may be used for multiple readers, and reduces to the Cohens Kappa 

for two readers (137). The square weighted Cohens Kappa was used to assess 

the numerical ASPECTS agreement between modalities to compare with the 

largest CT ASPECTS study to date (138). In paper IV, the interrater agreement 

was assessed by the Fleiss Kappa (139). Kappa values were interpreted as: 0.01-

0.20 slight agreement, 0.21-0.40 fair agreement, 0.41-0.60 moderate agreement, 

0.61-0.80 substantial agreement and 0.81-0.99 almost perfect agreement (140). 

In paper III, the two-sided Wilcoxon signed-rank matched-pairs test and the 

two-sided paired t-test were used for subjective and objective image quality 

comparisons, respectively. Bonferroni correction was applied to all analyses of 

image quality, p<0.05 was considered significant. Statistical analyses were made 

in RStudio (v1.4.1103, The R Foundation for Statistical Computing).  

 

4.5 Ethical considerations 

Paper I involved retrospective analysis of image data. The study was approved 

by the national ethical review authority (Ethical permit 2019-01309). Informed 

consent was waived in view of the retrospective nature of the study and since all 

procedures were part of routine care. The collection of data did not affect the 

patient and the analyses were made on group level. No additional risks were 

posed to the patient. In addition, informed consent would not be possible for all 

subjects since several subjects were anticipated to be deceased by the time of 

study initiation (this could potentially lead to a selection bias).  
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Paper II involved only phantoms with no specific ethical considerations. 

For paper III and IV, there was a need to study the diagnostic capabilities of the 

novel detector in a relevant patient population. In order to evaluate diagnostic 

image quality in the acute stroke setting, we included subjects with ischemic 

stroke of the anterior circulation coming to Karolinska University Hospital. As 

initial imaging (with CT or CBCT) must be able to identify or exclude intracranial 

hemorrhage, subjects with a hemorrhagic stroke were also included in the study. 

An additional contrast enhanced scan is relevant for all stroke patients to 

delineate the intracranial vessels in order to identify relevant pathology. Thus, 

the interventions imposed on study participants were additional imaging and 

intravenous iodine contrast agent administration. All subjects received standard 

protocol healthcare in addition to their participation in the study. 

Subjects received an additional radiation dose compared to standard diagnostic 

protocol due to the additional image acquisition. However, the brain is quite 

insensitive to radiation exposure (weighting factor of 0.01 when calculating 

effective organ doses (141)), and sensitivity to stochastic radiation effects 

decreases with age (142). The great majority of stroke patients in Sweden are 65 

years or older (143). To ensure that the risks of additional radiation were 

minimized, no subject under the age of 50 were included in the study. No gender 

specific safety considerations were identified for subjects aged 50 and over. 

However unlikely, women included in the study are asked about current 

pregnancy.  

Usage of iodine contrast agents poses a small risk of contrast-induced acute 

kidney injury. We followed the Swedish national guidelines, recommending that 

the total amount of iodine (in grams) administered for a contrast enhanced scan 

should not exceed the calculated aGFR in mL/min (144), given that the patient 

has a sufficient renal clearance and does not have multiple risk factors. These 

measures ensured that the risks associated with iodine contrast agents were 

minimized.  
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Informed consent was collected after oral and written information about all 

aspects that were relevant to the subject’s decision to participate. This included 

general information about the study, risks for the individual, contact details for 

more information, and invitation to participate in the study on a voluntary basis. 

The information stated that there was no direct benefit for the subject, but that 

their participation could benefit future patients with the same diagnosis. Since 

patient integrity was of high importance, it was not possible to obtain informed 

consent through a family member or two physician consent. The including 

physician judged whether the patient was capable of making an informed 

decision. Personal data were anonymized and handled according to applicable 

laws. Patients were able to retract their participation at any time.  

We believed that the most important ethical consideration was the added 

radiation dose and how this was weighed against the potential benefit for future 

patients with the same condition. The study was designed to provide a proof of 

concept and, given satisfactory results, could have substantial impact on time to 

treatment for patients eligible for thrombectomy. If it would be possible to both 

diagnose and treat large vessel occlusion ischemic stroke in the same room, we 

would expect a significant reduction in neuron loss due to ischemia and thus 

potentially have a positive impact on patient outcome. Therefore, we found 

these studies justified. The studies were approved by the Swedish ethical review 

authority (Ethical permit 2020-04467). The prototype DL-CBCT system was 

approved by the Swedish Medical Products Agency (document number 5.1-

2020-6325), in accordance with the Medical Device Directive (MDD), which was 

the applicable legislation at the time. An independent qualified research 

organization contracted by the sponsor monitored the study. 

Moreover, Philips Healthcare was the formal sponsor of the study with direct 

liability for the prototype DL-CBCT system. As a vendor of interventional 

systems, their involvement introduces a conflict of interest. In order to preserve 

scientific integrity, representatives from Philips were not involved in the primary 

data collection, interpretation or presentation of the results. It should be noted 
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that technical advancements in the field of radiology typically involves parties 

with commercial interests at some level. Funding for papers II-IV was provided 

from the European Commission (Horizon 2020, NEXIS-project, grant number 

780026), which limited the presence of financial conflicts for Karolinska-

affiliated researchers. However, it should be noted that Karolinska University 

Hospital has a master research agreement with Philips Healthcare. 

 





 

 39 

5 Results 

5.1 Paper I 

 

Figure 11. Flow diagram of screened subjects with intracranial internal carotid 
artery or proximal middle cerebral artery occlusion. Early ischemic changes and 
unaffected regions as defined by reference standard ASPECTS 

 

5.1.1 Population 

24 patients met the eligibility criteria, see figure 11. The median patient age was 

75 and 50% were male. Median refASPECTS was 7 (interquartile range 6–8), and 

eighteen (75%) had a left sided occlusion.  
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Figure 12. An example of axial image slices for conventional and VMI 40, 70 and 
120 keV (from left to right) reconstructions. The second row shows the 
automated ASPECTS detection result, where red indicates an area with early 
ischemic changes. This patient had nine regions with early ischemic changes 
according to the refASPECTS (all except region M4), whereas the automated 
ASPECTS algorithm identified four regions in the conventional images, three in 
VMI 40 keV, eight in VMI 70 keV and eight in VMI 120 keV. refASPECTS = 
reference standard ASPECTS. 

 

5.1.2 Diagnostic performance 

62 regions with early ischemic changes were defined by refASPECTS (34 

ganglionic and 28 cortical regions affected), and 178 unaffected regions (total n = 

240 regions). Compared to refASPECTS, automated ASPECTS on conventional 

images showed a region-based accuracy of 0.89 (sensitivity 0.73 (95% CI 0.61–

0.84), specificity 0.93 (0.91–0.98)). Of all image reconstructions, VMI 70 keV 

automated ASPECTS had the highest accuracy, 0.90 (sensitivity 0.82 (0.72–

0.93), specificity 0.92 (0.88–0.97)), whereas VMI 40 keV had the lowest 

accuracy, 0.77 (sensitivity 0.34 (0.26–0.42), specificity 0.90 (0.89–0.96)). This 

pattern, showing highest accuracy for VMI 70 keV and lowest accuracy for VMI 

40 keV, was also evident when evaluating ganglionic and cortical regions 
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separately. Figure 12 shows axial image slices for conventional and VMI 40, 70 

and 120 keV reconstructions. Figure 13 visualizes the sensitivity and specificity 

for conventional and VMI automated ASPECTS at different energy levels of all 

regions, and separated into ganglionic and cortical regions.  

 

 

Figure 13. Visualization of the sensitivity and specificity for conventional and VMI 
automated ASPECTS at different energy levels of all regions combined (a), 
ganglionic (b) and cortical (c) regions. 

 

All regions combined, the VMI 40 keV automated ASPECTS sensitivity 95% CI 

(0.26–0.42) did not overlap with any other automated ASPECTS sensitivity 95% 

CI. Moreover, the VMI 70 keV automated ASPECTS sensitivity 95% CI (0.72–0.93) 
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showed no overlap with VMI 40 or 50 keV sensitivity 95% CI (0.26–0.42 and 

0.52–0.70, respectively). The difference in sensitivity for early ischemic changes 

appeared more distinct in cortical regions (95% CI 0.73–0.96 for VMI 70 keV, 

0.01–0.18 for VMI 40 keV and 0.33–0.67 for VMI 50 keV automated ASPECTS, 

respectively). Interestingly, VMI 70 keV automated ASPECTS showed the highest 

negative predictive value of all reconstructions, 0.97 (0.92–0.99) for cortical 

regions and 0.94 (0.90–0.96) for all regions combined.  

 

5.2  Paper II 

5.2.1 Spatial resolution, noise and uniformity 

The spatial resolution derived from the MTF curves was similar in the commercial 

and prototype systems using standard reconstruction software, as well as using 

the prototype reconstructions. Image noise levels were similar for the prototype 

and commercial system standard reconstructions, taking the differences in 

radiation dose into account. As mentioned in the methods, VMIs were noise 

matched to combined layer images at 70 keV and showed the highest noise 

level at 40 keV and the lowest at 80 keV. The least and most uniform VMIs were 

those reconstructed at 40 keV and 60 keV, respectively.  

 

5.2.2 Material specific reconstructions 

The mean image Zeff relative to the estimated number was 98.2% (SD 1.2%) for all 

objects. The mean relative ED was 100.3% (SD 0.9%). For iodine quantification, 

images showed a mean difference of -0.1 (SD 0.5) mg/ml compared to the true 

iodine concentration for all blood and iodine containing objects. For VNC images, 

all blood substitutes containing iodine averaged a CT number of 43.2 (SD 3.3) 

whereas the blood-only substitute measured 44.8. On VNC, all water-containing 

iodine substitutes measured 2.6 (SD 2.9) in mean CT number. Figure 14 B-C 

displays sample images of the VNC and iodine map reconstructions, 

respectively. 
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Figure 14. A–C: Phantom containing iodine inserts of different concentrations 
and a blood-only insert as shown in figure 8 C. D–F: Phantom with tissue 
equivalent inserts as depicted in figure 8 B. Slice thickness A–F is 0.66 mm. A: 
Virtual monoenergetic image (VMI) at 70 keV (window level (WL) 100, window 
width (WW) 400). B: Virtual non contrast image (WL 0, WW 200). The curved 
red line represents blood-containing inserts. These have a higher attenuation 
compared to the water-containing inserts. C: Iodine map (WL 7.5, WW 15). D–F: 
Image of VMI 40, 70 and 120 keV (all at WL 50, WW 200). 

 

5.2.3 Contrast-to-noise ratio 

Similar CNR patterns were seen across all studied tissue pairings: gray vs white 

matter, blood vs white matter and 5 mg/ml iodine in blood vs white matter. In the 

noise suppression matched dataset, front layer, combined layer and 70 keV VMI 

reconstructions had similar results, however 70 keV VMI had a tendency towards 

slightly higher CNR. In the same dataset, 40 keV VMI consistently had the highest 

CNR, and 120 keV had the lowest. Without noise suppression applied for the 

VMIs, a peak in CNR was seen at 70 keV VMI and a low at 120 keV VMI for all 

tissue pairings. See figure 15 for a graphical representation of the CNR of all 

tissue pairings. 
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Figure 15. Contrast-to-noise ratio (CNR) characteristics from six repeat scans. 
Each dot represents the average value from six slices collected from each scan. 
Box plots are used to indicate the spread of the results. The noise suppression 
matched dataset (dark circles) and the dataset without noise suppression 
applied (bright diamonds) are shown. Data is presented for Gray matter vs 
White matter (A), Blood vs White matter (B) and Iodine in blood 5 mg/ml vs 
White matter (C). 

 

5.2.4 CT number accuracy 

Results for the reconstructed CT numbers of various clinically relevant objects in 

the VMI range of 40 – 120 keV are visualized in figure 16 A-C. Overall, the 

reconstructions are within or very close to the calculated CT number range (the 

range was defined as the tissue density uncertainty, estimated to be ±1%). At low 
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energies, the reconstructed CT numbers for some of the objects deviate by a 

few units of CT numbers from the expected trend. 

 

 

Figure 16. CT numbers of various clinically relevant objects in the virtual 
monoenergetic range of 40–120 keV from six repeat scans. Each dot represents 
the average value from six slices collected from each scan. The shaded ribbons 
marks the interval of the theoretical calculated CT number, with the limits being 
the CT number given an estimated tissue density uncertainty of ±1%. Bone= 
Bone 200 mg/ml; I in Blood= Iodine in blood 5 mg/ml; I in Water= Iodine in water 
5 mg/ml. 
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5.3 Paper III 

 

Figure 17. The flow diagram depicts which scans that were assessed for 
hemorrhage, image quality and ischemia, respectively. 

 

5.3.1 Population 

29 matched DL-CBCT and CT image sets from 27 prospectively enrolled 

participants were analyzed for hemorrhage identification and image quality 

assessment (see figure 17, flow diagram). 26 matched image sets from 24 

participants were assessed for ischemic stroke, after excluding three 

participants presenting with hemorrhagic stroke. Mean age was 74 years ± 9, 19 

were female (66%). The right hemisphere was affected in 17 participants (59%). 

Six scans (21%: 3 ischemic strokes, 3 hemorrhagic strokes) were performed on 

the day of symptom onset, the rest on day 2 (all ischemic stroke, post 

thrombectomy). Median time between CT and DL-CBCT was 17 minutes (IQR 12 

– 28). Of the 26 scans used for ASPECTS region assessment, 24 (92%) presented 

with an occlusion of the intracranial internal carotid or proximal middle cerebral 

artery (M1 or M2 segment).  
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5.3.2 Hemorrhage detection 

Three primary hemorrhages and five hemorrhagic transformations of ischemic 

stroke were detected in the reference CT examinations. Hence, eight matched 

scans with hemorrhages were included in the analysis (28% of all scans). Of 

these, two were small streaks of blood in the subarachnoid space. In the majority 

analysis, all eight hemorrhages were detected on DL-CBCT, 100% sensitivity and 

100% specificity (100% accuracy, CI lower boundary 86%, p=0.002). One reader 

missed a small bleeding in the subarachnoid space on DL-CBCT, resulting in 88% 

sensitivity and 100% specificity (97% accuracy, CI lower boundary 80%, p=0.013) 

for the specific reader. There were no false positive hemorrhages. 

 

5.3.3 ASPECTS assessment 

In the per-region ASPECTS assessment (Figure 18), a higher accuracy was seen 

for all readers individually compared to the prospectively defined lower 

performance boundary of 80%. The lowest accuracy was seen for Reader 3: 86%, 

CI lower boundary 80%, p=0.010. Majority analysis showed 90% accuracy (CI 

lower boundary 85%, p<0.001). Sensitivity was 66% in the majority analysis, 

however readers individually performed slightly better compared to their 

individually defined reference standard CT (67, 69 and 76%, respectively). 

Specificity was 97% in the majority analysis (97%, 96% and 89% for each 

individual reader). Per-region Kappa was 0.49 for all readers (individually 

matched against each other 0.49, 0.42 and 0.54, respectively, all indicating 

moderate agreement) 
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Figure 18. Axial non-contrast images of a participant with ischemic stroke. A–D 
shows ASPECTS regions boundaries at the level of the basal ganglia (A and C) 
and superior to the basal ganglia (B and D). A–B are DL-CBCT 75 keV images, C–
D are CT images. There is an infarct in the left hemisphere M6 region (red arrow). 
All W/L: 75/25, 5 mm slices with average intensity projection. DL-CBCT = Dual-
layer cone-beam CT. 

 

Median CT ASPECTS was 9.5 (IQR 5–10) and DL-CBCT ASPECTS 9.5 (IQR 7–10) in 

the majority analysis. The most commonly infarcted region was the insula, 

followed by the lentiform nucleus, M2 and M5, and the least infarcted regions 

were the M1, M3 and M4. The weighted Cohens Kappa between the numerical CT 

and DL-CBCT ASPECTS was 0.59 (0.42 unweighted, both indicating moderate 

agreement). 

 

5.3.4 Subjective and objective image quality 

Averaged median Likert scores for gray and white matter differentiation, 

structure perception and artifacts for all regions were 3.0 in DL-CBCT, compared 
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to 4.0 or 4.3 for CT. Results were inferior to CT, p<0.001. When regions were 

analyzed separately, DL-CBCT showed significantly lower scores for each region 

individually, except for structure perception of the lateral ventricles. 

For objective image quality, DL-CBCT showed a higher noise in all regions 

evaluated (p<0.001), lower SNR in gray and white matter (p<0.001), and a lower 

CNR between gray and white matter (p=0.006) compared to CT. The artifact 

indexes adjacent to the supratentorial skull bone (“subcalvarial”) and in the 

posterior fossa were higher in DL-CBCT (p<0.001 and p=0.004), indicating a 

higher degree of beam hardening artifacts compared to CT.  

 

5.4 Paper IV 

 

Figure 19. Of 28 consecutively enrolled patients, five had no in-house CTA and 
two were subject to subcutaneous intravenous contrast media injection during 
the DL-CBCTA scan. Two patients were imaged twice with DL-CBCTA, and the 
results from both scans were averaged. Consequently, 21 complete and 
matched DL-CBCTA and CTA image sets from 21 patients were included. DL-
CBCTA = Dual-layer cone-beam CT angiography; CTA = CT angiography. 
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5.4.1 Population 

21 matched DL-CBCTA and CTA image sets were included (Figure 19, flow 

diagram). Mean age was 72 years ± 9, fourteen were female (67%). The right 

hemisphere was affected in 11 (57%) patients. 3 patients had a hemorrhagic 

stroke. Of the remaining 18 patients with ischemic stroke, 17 (94%) presented 

with occlusion of the internal carotid or proximal middle cerebral artery (M1 or 

M2 segment) on CTA. In total, 17 patients (81%) were imaged with DL-CBCTA the 

day after CTA imaging (mean 23.8 hours ± 3.0). Four patients (19%) were imaged 

with DL-CBCTA on the same day as CTA (mean 1.2 hours ± 0.6 after CTA). Only 

the unaffected hemisphere was included in the statistical analysis. 

 

5.4.2 Vessel visibility and artifacts 

21 patients (231 matched arterial segments) were evaluated by each reader for 

the powered endpoint concerning overall arterial vessel visibility. One reader 

found non-inferior vessel visibility for DL-CBCTA in 90% of arterial segments (CI 

lower boundary 84%) and met the predefined non-inferiority criterium (lower 

performance boundary above 80%), whereas the two other readers did not, see 

the powered dataset with 231 segments in table 2. Majority analysis showed 77% 

of arterial segments rated non-inferior in DL-CBCTA (CI lower boundary 70%). 

Fleiss Kappa was 0.25 (Fair agreement).  
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Vessel 
Visibility 

Powered dataset 

231 segments 

Powered subset 

132 segments 

Thrombectomy subset  

132 segments 

Majority 0.77 (0.70)  0.98 (0.93)* 0.98 (0.93)* 

Reader 1 0.65 (0.58) 0.88 (0.80)* 0.91 (0.84)* 

Reader 2 0.90 (0.84)* 0.98 (0.93)* 0.98 (0.93)* 

Reader 3 0.60 (0.53) 0.78 (0.69) 0.88 (0.80)* 

Table 2. Proportion of DL-CBCTA arterial segment visibility rated equal or 
superior to CTA. Dataset (21 patients) include all scans, subset (12 patients) 
exclude poor scans. 98.75% CI of the one-sided lower performance boundary 
within brackets (lower boundary defined as 80% rated equal or superior). * 
indicates statistically significant result 

 

As 9 out of 21 (43%) DL-CBCTA scans were of poor quality due to patient motion 

or suboptimal timing of the contrast media injection (Figure 20), post-hoc 

analyses were also performed in a subset of 12 scans of acceptable quality. In 

the powered segment subset, the three readers found non-inferior vessel 

visibility in 98%, 88% and 78% of segments, respectively (two readers met the 

predefined performance goal). Majority analysis for non-inferiority was 98% (CI 

lower boundary 93%). Subsequently, 11 arterial segments especially relevant for 

thrombectomy candidates were selected for evaluation in the same patient 

subset (see the “thrombectomy” subset in table 2). Here, individual readers 

found non-inferior vessel visibility in 98%, 91% and 88% of segments, and all 

readers individually exceeded the CI lower performance boundary of 80% (Table 

2). Fleiss Kappa was slightly higher compared to the powered dataset, 0.38 (Fair 

agreement). Regarding artifacts, non-inferiority was not seen in the full dataset 

or any subset analysis. 
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Figure 20. DL-CBCTA 70 keV images (top row) and CTA (bottom row) with MIP 
35 mm slice thickness. A and B shows acceptable quality DL-CBCTA scans, 
while C and D shows typical scans in the dataset affected by motion artifacts. 
Bottom row (E to H) shows corresponding patient CTA. Note that images F, G 
and H show a right sided middle cerebral artery occlusion, which have been 
extracted at the time for DL-CBCTA imaging. Only the arteries in the unaffected 
hemisphere were evaluated. DL-CBCTA = Dual-layer cone-beam CT 
angiography; CTA = CT angiography; MIP = Maximum Intensity Projection 

 

5.4.3 Analysis of individual segments 

In the whole dataset, the A2-, M4- and AICA-segments vessel visibility were 

most commonly assessed as non-inferior (at least 76% for each reader and 

segment). The A2-segment was rated with least artifacts (majority 76% rated 

non-inferior), followed by A1-, M2-, M3-, M4-, P1- and P2-segments (majority 62 

– 67% rated non-inferior). In the subset of acceptable scans, A2-, M4-, AICA- 

and P2- segments were most commonly rated as non-inferior (at least 92% for 

each reader and segment). In the subset majority analysis, 100% non-inferior 

vessel visibility was seen for all segments except M1 (75% rated non-inferior). 

The lowest scores for vessel visibility were seen in the M1-segment, which was 

non-inferior to CTA in 57% of the whole dataset and in 75% of the subset in the 

majority analysis. The M1-segment also had a high degree of artifacts (only 43% 

rated non-inferior in the dataset and 67% in the subset). Similarly, the intracranial 

ICA-segment had a high prevalence of artifacts and among the lowest scores for 

vessel visibility in the dataset. 
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6 Discussion 
First, a range of DL-CT VMI were explored in non-contrast scans with respect to 

their impact on automated detection of early ischemic changes. Second, a DL-

CBCT prototype was evaluated with regards to reconstructed images through 

phantom experiments. Finally, using the DL-CBCT prototype, non-contrast VMI 

and VMI intravenous angiography were studied in a prospective human stroke 

cohort, with the hypothesis of non-inferiority compared to conventional CT. 

 

6.1 Role of virtual monoenergetic images in stroke 

In paper I, similar diagnostic accuracy in VMI levels of 60–120 keV automated 

ASPECTS was seen compared to automated ASPECTS in conventional images. In 

our study, 70 keV VMI automated ASPECTS had the highest sensitivity, accuracy 

and negative predictive value compared to reference standard. A high negative 

predictive value is important in the setting of acute ischemic stroke, where the 

presence of extensive ischemic damage impact clinical management and the 

presumed utility of thrombectomy. Accordingly, ASPECTS (≥6 or ≥7) has 

frequently been used as a fundamental eligibility criterion in the benchmark 

clinical trials studying the efficacy of endovascular stroke treatment (18, 19, 21, 

22). Thus, our paper suggested 70 keV VMI automated ASPECTS as a feasible 

alternative to conventional reconstructions to exclude ischemic damage, 

particularly of cortical regions. Our findings were consistent with results of 

previous studies evaluating objective and subjective DECT image quality indices 

in brain scans with miscellaneous or no pathology (90, 91). Our results were in 

line with a concurrent study by van Ommen et al (105) where, dual-source DECT 

VMI reconstructions from 60 to 90 keV were the most sensitive and specific to 

identify early ischemic changes in patients with suspected ischemic stroke in 

the first phase of their study. As the second phase in the van Ommen study 

focused on infarct location match in both posterior and anterior territories, VMI 

80–90 keV was ultimately designated as superior to identify infarcted brain 
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tissue, 80 keV being superior in the early time window. Their infarct location 

match essentially correspond to true positive results in five regions, of which 

only three are evaluated by ASPECTS. Rather, our study population was 

equivalent to the early time window subgroup studied, which constituted only 

about a third of the total study population in van Ommens study. These 

methodological differences, as well as our use of an automated detection 

algorithm and differences between DECT acquisition and reconstruction 

algorithms may account for our similar but not identical findings. Subsequently, 

Dodig et al, using a dual-source system, have found 80 keV VMI as the most 

valuable reconstruction for diagnosing ischemic stroke (145). Most recently, 

Mellander et al concluded that VMI in combination with conventional images 

may improve quality and diagnostic ability in stroke imaging, using a DL-CT 

system (146). Thus our findings, similar to others, find a modest improvement in 

image quality in VMI in the mid energy range over conventional images.  

As our findings indicated that 70 keV VMI is a favorable monoenergetic level to 

identify anterior circulation acute ischemic stroke, image noise and beam 

hardening effects are relevant to address. Previous studies using dual-source 

and fast kVp-switching techniques have shown 67–72 keV and 68–77 keV VMI 

to provide the lowest image noise (90, 147, 148). As DL-CT VMI reconstruction 

algorithms benefit from perfectly registered spatial data, images can be 

generated following material basis decomposition in the projection domain. This 

approach enables anti-correlated noise reduction across the VMI energy 

spectrum, which has been shown beneficial in several studies on both phantoms 

and patients, with lowest noise in the mid- to high energy spectrum (91, 110-112). 

In addition, due to projection domain material decomposition, beam hardening 

artifacts can be corrected for effectively in dual-layer VMI (74). Accordingly, a 

beneficial VMI energy level to identify early ischemic changes should yield an 

adequate CNR between the relevant structures, a low noise profile and minimal 

beam hardening artifacts. This may be a contributing reason for why VMI 70 keV 

and slightly higher keV yielded a higher sensitivity compared to conventional 
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images in paper I. This effect in mid- to higher energy keV seemed much due to 

the increased sensitivity in cortical structures (close to the skull bone). This may 

be an effect of reduced beam hardening artifacts close to the skull bone, the 

effect of which should be most evident in mid- to high energy keV. 

Our findings suggest that low energy VMI (VMI 40 keV and less explicitly 50 keV) 

have a low sensitivity and accuracy to identify early ischemic changes, most 

evident in cortical regions. Possible explanations are prominent beam hardening 

artifacts near the skull bone, as well as inferior noise characteristics at low VMI 

keV levels (90, 91, 110). Our results are reinforced by van Ommen et al (105) and 

Dodig et al (145), showing inferior performance for VMI 40 and 50 keV. Moreover, 

it is our impression that gray and white matter separation appears more distinct 

regardless of brain tissue viability at low keV VMI. This could potentially mask 

ischemic changes, which is hazardous in the acute stroke setting. 

 

6.2 Feasibility of dual-layer CBCT 

In paper II, spatial resolution was similar to the commercial CBCT standard 

reconstruction and demonstrated reproducibility and consistency between 

scans. Noise suppression was applied so that VMI 70 keV images matched the 

noise level of the combined layer reconstruction, however the lowest noise was 

seen in 80 keV reconstructions. This was likely due to the absorption of photons 

in the phantom, resulting in the mean energy impinging on the front and 

combined layer detector estimated to be 75 keV and 78 keV (slightly higher than 

the incident beam mean energy 68 keV).  

The prototype accuracy of material property estimation (Zeff and ED) and iodine 

quantification, was on par with a previous study investigating the accuracy of a 

clinical DL-CT (87). Overall, the iodine quantification results were superior to 

previously reported results on sequential scanning DE-CBCT and DL-CBCT (121, 

149). VNC images provided a consistent separation of blood and iodine, with a 

distinct separation of blood and water in the reconstructed image. The 
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importance of distinguishing between extravasated iodine contrast media and 

blood following stroke treatment has been emphasized in previous chapters (95, 

96). VMIs without noise suppression indicated an optimal reconstruction in 

terms of CNR to be achieved at 70 keV, similar to a previous study on a DL-

CBCT (121). The noise-matched VMIs showed an increase in CNR with decreasing 

energy. This demonstrated a potential to manipulate CNR through both VMI 

energy selection and by noise suppression. Similar CNR trends have been shown 

using a frequency-split approach for noise reduction in DECT VMI datasets (150). 

Moreover, accurate CT numbers were estimated from various clinically relevant 

materials across the energy spectrum. Consequently, our results suggested a 

possible utility in diagnostic radiology. 

 

6.3 Non-contrast dual-layer CBCT in stroke 

Paper III was a non-inferiority study which compared dual-layer CBCT to CT in 

the setting of acute stroke. In the majority analysis, all hemorrhages were 

identified (100% accuracy, one-sided CI lower boundary 86%, p=0.002), however 

one reader missed a minimal bleeding in the left Sylvian fissure (97% accuracy, 

CI lower boundary 80%, p=0.013). The ASPECTS accuracy non-inferiority 

performance goal was met for all readers individually and in the majority analysis 

(90%, one-sided CI lower boundary 85%, p<0.001). As expected, DL-CBCT 

showed significantly inferior image quality compared to CT in the subjective and 

objective analyses. The results suggest that DL-CBCT can be used in the setting 

of suspected stroke, despite an inferior image quality compared to CT. 

In 2017, a retrospective study including 32 ischemic stroke patients reported 

only 0—25% sensitivity to identify acute ischemic changes with CBCT (61). Since 

then, two monocentric studies compared CBCT ASPECTS to CT ASPECTS in 

stroke patients (prospective) and on patients with varying pathologies 

(retrospective), and reported 71-85% sensitivity and 83-94% specificity (66, 67). 

One recent retrospective study on non-circular scan trajectory CBCT (“sine 
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spin”) in patients with varying pathologies showed 73% sensitivity and 95% 

specificity in reporting ischemic lesions (151). The three latter studies did not 

present individual reader results and CBCT scans were typically done with 

several hours separation to CT. Paper III showed comparable results (66—76% 

sensitivity and 89—97% specificity), and was conducted solely on stroke 

patients with a median of 15 minutes between modalities. This indicates that DL-

CBCT have a similar accuracy to assess ischemic changes compared to previous 

studies on CBCT in a cohort with only stroke patients and a short time 

separation to the reference standard.  

Per-region and numerical ASPECTS assessments are known to be highly variable 

between expert readers (31, 138). In paper III there is moderate agreement in the 

per-region analysis, similar to the largest CT ASPECTS study to date (Kappa 

0.42-0.54, compared to a mean per-region Kappa of 0.52 in the CT ASPECTS 

study (138)). Moreover, the agreement of numerical ASPECTS in DL-CBCT 

compared to CT is comparable to that between readers in the CT ASPECTS 

study (Unweighted/weighted Kappa 0.42/0.59 compared to 0.39/0.56 in (138)). 

The findings supports the notion that DL-CBCT could be used to assess 

ASPECTS with a similar variability to CT. 

Three previous publications studied the detection of intracranial hemorrhages 

with CBCT. One, including 45 intracranial hemorrhages, showed almost perfect 

performance for intracerebral and intraventricular hemorrhages, but missed half 

of the subarachnoid hemorrhages (61). Another reported 95—100% sensitivity 

and 97—100% specificity for all hemorrhage types (66). A third study showed 

93% sensitivity and 90% specificity, with subarachnoid hemorrhage being the 

most challenging diagnosis (151). These results are in line with our findings and 

indicate that parenchymal hemorrhages (which account for the majority of 

hemorrhagic strokes) are typically detected, but small subarachnoid 

hemorrhages remains a challenge for DL-CBCT and CBCT alike. The minimal 

hemorrhage missed by a reader in our study occurred after treatment of an 
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ischemic stroke. Recently, it was suggested that such subarachnoid findings are 

associated with inferior functional outcomes (152). 

Although significantly inferior results for subjective and objective image quality, 

DL-CBCT interestingly showed a gray and white matter SNR and CNR similar to 

polyenergetic CT reconstructions at comparable dose levels 10 years ago (90). 

The median DL-CBCT score of 3 for gray and white matter separation, overall 

structure perception and artifacts indicated a “decent, diagnostic” image quality, 

an acceptable perception of structures and slight artifacts overall. The lowest 

scores were typically recorded close to skull bone and in the posterior fossa, 

likely related to beam hardening effects. 

Recently, VNC CT was demonstrated non-inferior to conventional CT to 

diagnose early ischemic changes according to ASPECTS (153). Moreover, 

sequential scan DE-CBCT was recently shown feasible to provide separation 

between hemorrhage and iodine contrast in patients (154). In paper III, we did not 

study VNC images, however this could have been clinically meaningful as 

participants likely had diffuse iodine extravasation, as elaborated on in the 

methodological considerations.  

 

6.4 Dual-layer CBCT angiography in stroke 

In paper IV, many scans (43%) were of poor quality due to movement artifacts or 

contrast media injection issues. Only one reader found DL-CBCTA non-inferior 

to CTA in the complete powered dataset. In a subset analysis excluding the poor 

quality scans, two readers individually (and the following majority analysis) found 

DL-CBCTA non-inferior. When only studying arteries relevant for thrombectomy 

in the subset, all readers individually found DL-CBCTA non-inferior to CTA. Image 

artifacts were generally more prevalent in the DL-CBCTA images.  

Moreover, our results indicated that vessels that are not influenced by skull base 

artifacts, such as M4-, A2- and P2 segments, may have superior visibility in DL-

CBCTA compared to CTA. Since the systems had similar spatial resolution, this 
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may be credited to fundamental differences between the DL-CBCTA and 

conventional CTA reconstructions. DL-CBCTA VMI had a lower absolute noise 

(realized through anti-correlated noise reduction), and may be superior in 

mitigating beam hardening effects from iodinated vessels due to material 

decomposition in projection space (74, 84, 109). On the contrary, segments 

adjacent to the skull base (most evidently M1 but also intracranial ICA to some 

extent) showed an inferior visibility compared to CTA. Even though beam 

hardening effects are reduced by VMI, the findings were expected, as circular 

CBCT scans of the brain typically are highly affected by beam hardening at the 

level of the skull base (155). As the M1- or ICA-segment are typically involved in 

LVO stroke, future development should focus on improving visualization of these 

segments. Lately, novel X-ray tube and detector scan trajectories were 

introduced in interventional CBCT systems to improve intracranial image quality 

by reducing bone beam hardening artifacts from the skull (151, 155). The term 

“butterfly”, “dual-axis” or “sine-spin” are used, depending on the manufacturer. 

In paper IV, we chose to study 70 keV VMI with moderate noise reduction on the 

basis of pilot studies, as elaborated on in the methodological considerations. 

Previous studies on VMI CTA of the head and neck arteries have suggested 40-

60 keV VMI as superior to conventional CTA (97-99). However, these studies 

typically pursue quantitative optimization in terms of CNR, with a limited 

evaluation of subjective image quality based on radiologist interpretation. 

Although increasing CNR can be important, especially if iodine dose reduction is 

warranted, it does not seem to correlate fully with perceived diagnostic quality in 

human readers in our experience (156). In paper IV, we normalized window 

settings in our pilot study to a previous publication on dual-energy CTA (157). 

However, the need to individualize window settings may limit adoption of VMI in 

CTA or CBCTA. Moreover, in patients eligible for thrombectomy, concurrent 

imaging of the cervical vasculature is of interest, however this was not studied 

within the scope of paper IV. 
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6.5 Technical considerations of the DL-CBCT prototype system 

In paper II, there was an artifact present in the center of the image which 

degraded the uniformity metric and affected the potential clinical utility of the 

prototype system. The artifact was caused by a detector imperfection. Since 

paper II was an early prototype study, the artifact was reduced in the 

subsequent clinical studies. 

The prototype scan time was 20 seconds to enable dual-layer image acquisition. 

In paper IV, 9 scans (43%) were considered to be of poor quality, predominantly 

due to patient motion artifacts. No systematic evaluation of movement artifacts 

were made for paper III, but our impression was that in paper IV, iodine contrast 

administration along with a longer patient time on the table may have influenced 

patient movement. In accordance with the study protocol and ethics approval, 

no repeat scans were made. A long scan time is a typical limitation of CBCT, 

which should be considered when selecting a suitable imaging modality for 

stroke patients. Typical scan times for current state-of-the-art CBCT acquisition 

protocols are 7-10 seconds (151, 155). It is important to minimize the risk of 

patient movement in awake patients with limited compliance. An improved head 

fixation may decrease motion artifacts (66). Moreover, new reconstruction 

methods may decrease the effects of patient motion in CBCT (158-160). Finally, 

some DL-CBCTA scans suffered from suboptimal iodine injection timing. Manual 

bolus tracking was not possible since we used a prototype system. Instead, a 

fixed injection delay protocol was used. 

 

6.6 Methodological considerations 

6.6.1 Paper I 

Important limitations of this study was the retrospective nature, small sample 

size, single center and only using a single CT scanner. CT was used as the 

reference standard as diffusion weighted MRI is not part of the clinical routine. 

Moreover, VMI acquisition and reconstruction techniques vary between different 
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manufacturers and scanner type which affects the generalizability of the results 

(106). 

The automated software for ASPECTS assessment was not explicitly intended to 

be used on VMI. Therefore, automated ASPECTS performance in VMI, especially 

in the low and high end of the energy spectrum, should be interpreted with 

caution. An automated detection algorithm removes inter-reader differences, 

factors related to personal taste and observer bias (review bias, insufficient 

blinding) and thus provides an efficient solution to conduct a study, however 

other biases are introduced related to limited datasets used for training (161).  

 

6.6.2 Paper II 

The detector performance was not isolated and characterized in paper II. 

Instead, the system performance was assessed in terms of reconstructed 

images. However, the parameters examined were properties commonly 

determined by quality control measurements (MTF, noise and uniformity) and 

relevant to clinical performance. The prototype results were also limited, based 

on a single scan protocol, with a phantom in isocenter. Nevertheless, these 

determinations of spatial resolution and noise indicate that the prototype DL-

CBCT system generally matched the capabilities of current commercial systems, 

while proving dual-energy capabilities. The impact on performance from 

changes in protocol, setup and phantom warrants further investigation.  

We demonstrated the ability to manipulate CNR through a suitable choice in VMI 

energy level for clinically relevant materials. This illustrated the potential utility in 

maximizing the visibility of anatomy or other relevant features. However, 

optimization in the clinical setting needs to consider the limitations of CNR as a 

indicator of detectability.  
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6.6.3 Paper III & IV 

6.6.3.1 General considerations 

In both papers, strengths included the prospectively defined endpoints, a 

clinically relevant study population and the assessment by blinded readers. 

Typically, outcomes in previous publications were not prospectively defined and 

not adjusted for multiple comparisons (62, 63, 68, 69).  

Although it is difficult to specify clinically distinct non-inferiority margins, we 

sought to minimize the risk of type one error as elaborated on in the statistical 

considerations chapter (162). Limitations for both papers further included the 

single center study design and relatively small sample size. We powered the 

study based on traits, not patients, adding complexity as the exact binomial test 

ideally warrants independent data (163). Moreover, since the participants were 

recruited during office hours (the majority after thrombectomy had been 

performed) and needed to sign the informed consent themselves (not possible 

through family member or two physician consent), a selection bias was present. 

This resulted in a relatively small cohort and excluded the majority of patients 

with hyperacute or large infarcts in paper III.   

In addition, papers III and IV did not explicitly study the optimum VMI for 

different clinical tasks. Instead, one energy and noise reduction level was chosen 

for each task on the basis of blinded pilot studies of perceived image quality. In 

paper III, the selection of 75 keV VMI for DL-CBCT was in line with paper I and 

previous studies both with regards to overall perceived intracranial image quality 

(90-92), and to the identification of ischemic stroke (105, 145). The selection of 

70 keV VMI in paper IV has been discussed in a previous chapter. In both papers, 

the denoising level chosen was higher than the one used for noise matching in 

paper II, which reasonably contributed to a higher CNR. 

Only one acquisition protocol was used in each study. A high kVp tube output 

theoretically reduces beam hardening artifacts caused by the skull bone, 

however visualization of iodinated vessels may benefit from a lower kVp (164). In 
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paper III and IV, we chose to use a single acquisition protocol at 120 kVp, as low 

kVps reduce the separation of photon energy spectra in a dual-layer detector 

design. Known challenges with a dual-layer detector include obtaining sufficient 

separation of photon energy spectra, which can be improved by using a filter 

material between the detector layers. We chose not to use a filter as this also 

decreases dose efficiency (106, 165). Adding complexity, the optimal VMI keV 

likely also depend on dual-energy technique and reconstruction kernel (92). In 

summary, optimization of acquisition and reconstruction parameters are 

warranted in future studies.  

 

6.6.3.2 Paper III 

In paper III, the majority of all scans were acquired one day after stroke symptom 

onset, after thrombectomy. As in paper I, CT was used as the reference standard 

since MRI was not part of clinical routine. Although progression of time typically 

facilitates the distinction of ischemic changes, diffuse intracranial iodine 

contrast staining (due to blood-brain barrier leakage after initial scans) may 

render the evaluation of ischemic changes more challenging (95). As CT and DL-

CBCT were acquired with little separation in time, both modalities were equally 

affected by potential iodine contrast staining. ASPECTS scoring is known to be 

variable among readers, and in paper III we chose to score ASPECTS at the 

ganglionic and supraganglionic level in accordance with the original definition 

(31). This approach can omit information about ischemic changes in the adjacent 

ganglionic and supraganglionic territories. Only eight intracranial hemorrhages 

were studied, of which the majority were hemorrhagic transformations. This also 

limits the generalizability of our results.  

 

6.6.3.3 Paper IV 

In paper IV, non-symptomatic vessel segment visibility and artifacts were 

evaluated as properties of diagnostic quality. The study design and power 
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calculation intended to evaluate the diagnostic quality of the entire intracranial 

arterial vasculature. In the setting of LVO stroke, it may be advantageous to 

power a diagnostic study with regards only to large diameter arteries. However, 

this would miss information about collateral arteries and small concurrent 

occlusions. Powering the study with regards to participants would be a desirable 

alternative, however this implies a larger cohort. Readers were not specifically 

instructed on how to assess variant anatomy or perforating arteries, which likely 

affected interrater variability (Kappa results were only fair). Previously, CBCTA 

have been studied using a reconstructed image pixel matrix of 512 x 512, similar 

to CT (68). In paper IV, using a 384 x 384 pixel matrix impacts the level of detail 

and noise characteristics, which may affect the perception of image quality.  

 

6.6.4 Dataset considerations (paper I & III) 

The automated ASPECTS algorithm was blinded to patient symptom laterality, 

compared to the reference standard in paper I. As the automated ASPECTS 

consistently identified the correct affected hemisphere in our study, 

theoretically, 10 more true negatives could be added for each patient scan (i.e. 

for the unaffected, healthy hemisphere), evaluating 20 regions in total. Arguably, 

using only 10 ASPECTS regions is the most realistic approach in the context of 

LVO (one would rarely suspect an ipsilateral infarction when symptom laterality 

is known). Doing the contrary would add negative results, decrease infarct 

prevalence and thus skew the accuracy, specificity and negative predictive value 

of the study results. Notably, negative and positive predictive values are highly 

dependent on prevalence and should be interpreted with caution (166).  

The above considerations are also valid in paper III, where only one hemisphere 

was taken into account in the statistical analysis, despite blinded readers. The 

measure of accuracy is also dependent on prevalence, which would have been 

negatively skewed, potentially introducing misleading results if additional 

negatives would have been added to the dataset (166). When interpreting and 

comparing diagnostic ability, it is important to consider whether the dataset is 
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representative for the relevant study population. Ultimately, careful 

consideration of sensitivity and specificity is important to understand the 

diagnostic utility of a new method (167). In paper I the prevalence of ischemic 

changes was about 26%, in paper III about 20%, which we considered 

representative for patients admitted in an early time window for the evaluation 

of a potential LVO. The lower prevalence in paper III is likely related to ethical 

aspects of prospective patient inclusion, as noted previously. 

 





 

 67 

7 Conclusions 
VMIs impact the identification of early ischemic changes on DL-CT. In a 

retrospective single-center DL-CT cohort, automated 70 keV VMI ASPECTS had 

the highest diagnostic accuracy, sensitivity and negative predictive value overall. 

The DL-CBCT prototype system showed comparable spatial resolution and 

noise to a commercially available CBCT system, while offering dual-energy 

capability. The dual-energy images indicated a consistent ability to separate and 

characterize clinically relevant tissues, blood and iodine. Thus, the DL-CBCT 

system could find utility in the diagnostic setting. 

Non-contrast DL-CBCT 75 keV VMI showed non-inferior hemorrhage detection 

and ASPECTS accuracy to CT in a prospective single-center stroke patient 

cohort. However, image quality was inferior compared to CT, and visualization of 

small subarachnoid hemorrhages after treatment remains a challenge. 

In the same prospective single-center stroke patient cohort, DL-CBCTA 70 keV 

VMI showed non-inferior vessel visibility compared to CTA under certain 

conditions. Specifically, the prototype system had a long scan time and was not 

capable of bolus tracking which resulted in scan issues. After excluding 

participants with such issues, DL-CBCTA 70 keV VMI were found non-inferior to 

CTA. 

In summary, the findings of this thesis indicate that DL-CBCT may be sufficient 

for stroke assessment in the interventional suite with the potential to bypass CT 

in patients eligible for thrombectomy. However, issues related to the prototype 

system and the visualization of small hemorrhages highlight the need of further 

development. 
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8 Points of perspective 
Results from recent multicenter randomized clinical trials conducted in Asia, 

North America, Europe and Oceania published in 2022-2023 indicate favorable 

patient outcome in anterior circulation LVO patients presenting with large 

infarcts subjected to endovascular intervention (168-170). These trials included 

patients presenting with ASPECTS 3-5 (two trials also had perfusion imaging as 

alternative inclusion criteria) and last known well within 24 hours (one trial used 6 

hours as cut-off). The results from these trials are likely to further strengthen the 

role of thrombectomy as the primary treatment for anterior circulation LVO. As 

ASPECTS can be evaluated on a non-contrast brain scan, the role of advanced 

imaging such as perfusion CT or multiphasic CTA is subject to discussion.  

Arguably, these findings may reinforce the idea of transporting suspected LVO 

patients directly to the interventional suite for diagnostic work-up in order to 

reduce time to treatment. If at least some viable tissue remain (ASPECTS at least 

3) and a LVO is ascertained, the patient may receive thrombectomy with 

conceivable benefit. Ongoing large trials are evaluating the feasibility and effect 

of primary diagnostic work-up with CBCT and subsequent treatment in the 

interventional room for LVO stroke patients. The global multicenter WE-TRUST 

randomized trial is evaluating the impact on workflow and patient outcome 

compared to CT/MRI (72). Recently, the multi-center SPINNERS trial with the 

primary purpose to investigate non-inferiority of intracranial hemorrhage 

detection in sine spin CBCT compared to CT was launched (171). If eligible, a 

patient not suited for thrombectomy may receive thrombolysis, provided that 

intracranial hemorrhage is excluded. As the option to give thrombolysis is 

fundamental in stroke treatment, this is likely a prerequisite for widespread 

implementation of a “direct to interventional suite” approach.  

Energy-resolved X-ray imaging or “spectral imaging” are umbrella terms 

including dual-energy and more recently imaging achieved through energy-

resolving X-ray detectors, photon counting detectors (PCD). Photon counting CT 

(PCCT) is an emerging technology with the potential of improved imaged quality, 
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added image information and reduction of radiation exposure (172). Although not 

addressed specifically in this thesis, the technique must be recognized as 

ground-breaking for medical X-ray imaging. PCDs utilize semiconductors instead 

of scintillator material (as used together with photo-diodes in traditional energy 

integrating detectors, EIDs) (172). Thus, instead of creating a light signal, photons 

directly generate an electric charge that is registered by the detector (direct-

conversion). There are several advantages associated with PCDs. First, smaller 

detector pixels can be constructed without dose penalty since there is no longer 

a need for light-separating septa between detector pixels (otherwise used for 

scintillator material) (172, 173). Second, an energy detection threshold can be set 

to eliminate electronic noise, with a resulting increase in SNR and possibilities for 

dose reduction (172, 174). Third, the PCDs have intrinsic sensitivity for different 

photon energies. Individual pulse heights for incident photons can thus be 

measured and separated into different energy bins by thresholding, enabling 

multi-energy imaging (175). Fourth, the PCDs intrinsically weigh low- and high 

energy photons equally in the ideal scenario (one count for each photon), in 

contrast to EIDs where low-energy photons are weighted less relative to high-

energy photons, as they contribute with less light signal. Since low energy 

photons typically carry more contrast information, there is a potential to 

increase CNR with PCDs (176). Relevant to brain imaging, PCCT have shown 

superior CNR in non-contrast VMIs compared to EID CT, and PCCT VMI 

angiography have indicated reduced in beam hardening artifacts in the skull 

base region (174, 177). Exploiting the inherent benefits listed above, there are 

multiple areas of potential clinical use, including improved resolution of anatomy, 

detectability and characterization of pathology.  

Recently, the feasibility of high-quality volumetric PCD-CBCT with a C-arm 

system was shown and subsequently integrated into a hybrid PCD-scintillator 

flat detector design (178, 179). The pursuit of ultra-high resolution and improved 

tissue, blood, iodine and material characterization in the interventional room will 

continue to unfold in the coming years, with conceivable benefit to our future 
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patients. This thesis shows the potential of DL-CBCT to provide clinical benefit in 

the interim until PCD-CBCT technology has matured. Moreover, the strategies 

and study designs elucidated in this thesis provides a template for evaluating 

similar technology, including PCDs, in a pre-clinical and clinical setting. 
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