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Summary
This thesis describes the techniques for modeling and control of 3D X-ray cardiovascular systems in terms of Image Quality and patient dose, aiming at optimizing
the diagnostic quality. When aiming at maximum Image Quality (IQ), a cascaded
system constituted from inter-dependent imaging components, is not easily optimized
and may have a sub-optimal operation. Multi-dimensional optimization in the vast
design area, including pre-sampling (physics) components and post-sampling (processing) parts, is difficult to implement. To come to this overall optimized IQ, with a
low patient dose, we address the complete process in three parts. We commence with
optimizing an important influencing part of the detector, called the scintillator, which
shows a deterioration by ghost images through the imaging history. In the first part of
the thesis, we propose a new solution to reduce ghost images in the scintillator layer,
by means of external illumination and accurate modeling of the process. After and before the detector, a system based on a chain of image processing components appears
with mutual interdependencies. One possible way to establish overall optimization of
this system, is to make performance models of all system components and then use
these models for IQ improvement. These models include inherent IQ, environmentaland system-induced deterioration effects and (patient) dose control. This approach
eventually enables the design of an optimized 3D system. This modeling and optimization forms the middle part of this thesis. The third part of the thesis is dedicated
to an optimized dynamic dose control, which is the ultimate parameter for the control
system that is used for defining a detector dose, that is virtually immune for adverse
irradiation conditions originating from direct radiation. The three areas are briefly
summarized below.
The reduction of ghost images in medical X-ray imaging is investigated by UVlight exposure of a CsI:Tl scintillator. We expect that by using UV light, so-called
traps are filled, thereby reducing the memory effects caused by X-ray irradiation. Ideally, the image sensed by the detector is a function of the X-ray pattern projected on
the detector’s surface at a current point in time. This means that the detector is ideally not affected by previously captured images (memory-less capturing). However,
the X-ray patterns previously projected on the detector, disturb the properties of the
different components therein. This disturbance is attributed to charge-carrier traps
in the scintillator layer, as well as in the detector photodiode array. In the produced
images, this disturbance is seen as spurious “ghost images” of previously recorded
images, which are superimposed on the actual image. This effect is not desired, as it
i

hampers the diagnostic value of low-contrast images. The research is devoted to the
explanation and modeling of the phenomenon of ghost-reduction by using UV-light
on a CsI:Tl scintillator layer, both at an atomic level and at a macroscopic level. In
the second chapter, an extensive literature study is reported in the field of scintillation
and radiation effects. In a succeeding chapter, a model is proposed, explaining the
effect on a microscopic scale, followed by a model linking the effects to Image Quality. The modeling work also involves validation experiments on the X-ray imaging
devices as well as on complete state-of-the-art X-ray systems. The modeling pertains
to X-ray, optics, electronics, optoelectronics, chemical analysis, image analysis and
image processing. Experiments have been complemented by extensive measurements
on scintillator samples, referring to specific materials properties. The prototypes have
been analyzed in terms of Image Quality, such as Modulation-, Contrast- and Noisetransfer and related to materials properties. With the support of Philips Healthcare
Best, we have realized optimized prototypes of a detector subsystem incorporated
at a system level. A model on UV-irradiation effects has been developed, through
which the optimization of a fully-functional detection system has been reached. We
have found that an optimum wavelength and an optimum irradiation exists. For these
conditions, the results of the applied method are equally good as for using existing
methods. As a bonus, the short-term afterglow is reduced considerably, thereby improving the X-ray IQ. In comparison with published results on co-doping with Sm or
Eu, wherein sensitivity losses up to 30% are encountered, our method increases the
sensitivity up to 10%. The method has the inherent advantage of an increased lifetime of the components and does not require patient removal, so that the examination
room is more efficiently used.
The second part of this thesis involves the modeling and the verification of an
X-ray 3D cone-beam system based on multiple components, in terms of IQ and Patient Dose. Again, a comprehensive literature survey supplies a basis for modeling,
which is extended with a discussion on fundamentals of IQ descriptors. The research
includes an extensive verification of the IQ at the system level and necessitates the development of appropriate measurement means. IQ is influenced by both internal and
external factors. We discuss environmental- and system-induced vibration effects on
sharpness, both in 2D subtraction angiography as well as in 3D reconstruction imaging. For vibration-induced deterioration effects on IQ, a verified model is embedded
in the 3D simulation module. The method results in a fast system design for IQ, while
keeping patient doses within pre-defined levels. Optimized designs for IQ are realized
at the system level by addressing all the components in the imaging chain. The IQ
system performance is expressed in Sharpness, Contrast and Noise, balanced with a
well-defined patient dose and uses appropriate figures of merit for optimization, such
as the Modulation Transfer Function and Contrast-to-Noise Ratio. The experiments
have been conducted together with the industry, which has fueled an application for
validation. To this end, an optimized protocol for Nitinol stent imaging has been introduced at the system level, which has resulted in a substantial increase of the IQ, at
a patient dose index well below European recommendations. The protocol enables to
visualize the stent’s struts by virtually continuous strokes and allows for an accurate
post-intervention inspection.
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The third part of the thesis deals with dynamic dose control within the framework
of the total system optimization on IQ. The final IQ is reinforced by the design of a
novel dose-control signal processing. Conventional dose control systems use a control
signal derived from an image, which relies on arithmetic averaging. This method is
extremely sensitive to highlights entering a measuring field used for deriving an input
control signal. It is shown that an evaluation based on taking a geometric average
yields a significant improvement of the low-contrast detection limit for de-centered
objects. The new design is virtually insensitive to adverse detector-irradiation conditions related to highlights originating in direct radiation or highly transparent body
parts.
The thesis ends with conclusions and an outlook. It is discussed that an IQ-based
FOM can be based on Shannons expression for information capacity on one hand and
a Pareto-based analysis of the design space, set up by the parameters defined in this
thesis on IQ and Patient Dose (PD) on the other hand. When detailed knowledge of
the parameter space is established, it could be used to explore the design freedom for a
cost-effective X-ray system. With respect to reduction of memory effects in the CsI:Tl
scintillator, we pose that our solution using UV illumination may also be applicable
to general CT scanning devices.

iii

Samenvatting
Dit proefschrift beschrijft de modelvorming voor beeldkwaliteit en een dosisregeling
voor 3D Röntgen cardio-vasculaire systemen. Hiermee willen wij een optimale beeldkwaliteit bij minimale dosis voor de patient realiseren. De doelstelling is om de beeldkwaliteit te maximaliseren van een systeem bestaande uit een een cascade van componenten met een onderlinge afhankelijkheid. Het optimaliseren van een dergelijk
systeem dat een omvangrijke multidimensionale ontwerpruimte heeft, inclusief de fysische componenten en beeldbewerking, is gecompliceerd waardoor een sub-optimaal
resultaat in beeldkwaliteit kan ontstaan. Om tot een optimale beeldkwaliteit te komen
bij een lage dosis, beschrijft het proefschrift drie afzonderlijke delen. Het eerste deel
gaat in op een belangrijk deel van de detector, de scintillator, die onder andere een
beeldkwaliteitsverslechtering kan veroorzaken door het optreden van nabeelden, afhankelijk van de bestralingsgeschiedenis. In het eerste deel van het proefschrift stellen
we een nieuwe oplossing voor om dit geheugeneffect te reduceren door middel van een
belichting van de scintillatorlaag. Een accurate modellering van het proces is hierbij
een doelstelling. Voor en na de detector vinden we componenten met een onderlinge
afhankelijkheid, die uitnodigen tot het modelleren van de beeldvorming. De modellen
omvatten de inherente beeldkwaliteit van een systeem, de verslechterende effecten en
de (patient) dosis. De modellen en de optimalisatie vormen het centrale deel van het
proefschrift. Het derde deel is gewijd aan een optimale dosisregeling die verminderd
gevoelig is voor verslechterende invloeden welke ontstaan door onverzwakte straling
op de detector. Deze drie delen worden hieronder kort samengevat.
Het verminderen van geheugeneffecten in de medische Röntgenbeeldvorming is
onderzocht door de toepassing van een Ultra Violet (UV) belichting van de scintillator.
Wij verwachten dat bij gebruik van UV licht, zogenaamde “traps”gevuld worden en
daarmee het geheugeneffect door Röntgenbestraling verminderd wordt. In het ideale
geval wordt het Röntgenschaduwbeeld gedetecteerd zonder de invloed van vroegere
beelden. De eigenschappen van de detector worden echter beı̈nvloed door de individuele componenten van de detector. Deze invloeden kunnen worden toegeschreven aan
de scintillator en aan de matrix van fotodiodes. Deze invloeden leiden tot artefacten
in de actuele beelden. Deze verslechtering is ongewenst, omdat het de diagnostische
kwaliteit vermindert bij details met laag contrast. Het onderzoek is gewijd aan het
verklaren en modelleren, op zowel microscopisch niveau als macroscopisch niveau,
van de reductie van het geheugeneffect in een CsI:Tl laag. Voor de begripsvorming
wordt in het tweede hoofdstuk het scintillatieëffect beschreven aan de hand van een
v

uitgebreide literatuurstudie. In een volgend hoofdstuk wordt een model voorgesteld,
dat een brug slaat van het microscopisch (kristal) niveau naar beeldkwaliteit. Het
werk hieraan houdt tevens in dat zowel de detector als het complete systeem wordt
gevalideerd. Hierbij worden Röntgen, optica, electronica, optoëlectronica, chemische
analyse, beeldanalyse en beeldbewerking betrokken in de validatie. Verder worden
experimenten aangevuld met uitgebreide materiaalanalyses van de scintillator. Er zijn
prototypes geanalyseerd in termen van beeldkwaliteit met parameters zoals modulatieoverdracht, contrastoverdracht en ruisoverdracht gerelateerd aan de materiaaleigenschappen. Deze prototypes zijn tot stand gekomen met ondersteuning van Philips
Healthcare. Met behulp van een model is daarbij een optimaal functionerend cardiovasculair systeem gerealiseerd. Het onderzoek heeft aangetoond dat er een optimale
golflengte en bestralingsenergie voor UV licht bestaat en dat voor deze condities de
methode gelijkwaardig presteert aan een reeds bestaande methode. Het blijkt een bijkomend voordeel dat naast het verminderen van de zogenaamde hysteresis, de afterglow (nalichten) aanzienlijk gereduceerd wordt, waarmee de beeldkwaliteit toeneemt.
In vergelijking met gerapporteerde resultaten in de literatuur, waarin co-doping met
bijvoorbeeld samarium of europium wordt toegepast met een daaraan gekoppelde reductie van de gevoeligheid tot 30 %, verhoogt onze methode juist de gevoeligheid met
maximaal 10 %. De methode heeft daarnaast het inherente voordeel, dat de levensduur van de componenten verhoogd kan worden en dat de behandelingsruimte in het
ziekenhuis efficiënt gebruikt kan worden in vergelijking met de gangbare methode,
waarbij de patient tijdelijk niet bij het systeem mag verblijven.
Het tweede deel van dit proefschrift behelst het modelleren en verifiëren van een
cardio-vasculair Röntgensysteem in termen van beeldkwaliteit en patientdosis, gebaseerd op meerdere beeldvormende componenten. Het startpunt hiervoor is een uitgebreide literatuurstudie, samen met een discussie van de beeldkwaliteitparameters. De
verificatie van de modellen noodzaakt de ontwikkeling van geschikte gereedschappen
waarmee de beeldkwaliteit in een getal wordt uitgedrukt. De beeldkwaliteit wordt
beı̈nvloed door interne en externe verslechtering. Wij bespreken de invloeden van
trillingen, uit de omgeving of door het systeem zelf veroorzaakt, op 2D subtractie
angiografie en op 3D gereconstrueerde beelden. Daartoe hebben wij een geverifieerd
model ingevoegd in een 3D simulatie module. Deze methode maakt een snel systeemontwerp mogelijk, waarbij de patientdosis binnen vooraf bepaalde grenzen ligt. Op
deze manier hebben wij optimale protocollen gedefinieerd, betrokken op alle beeldvormende componenten. De beeldkwaliteit op systeemniveau wordt voor het ontwerp
uitgedrukt in scherpte, contrast en ruis, deze in balans met de patientdosis als parameter, met gebruik van de modulatie-overdracht en de contrast-ruis verhouding. De
gezamenlijke experimenten met de industrie, hebben geleid tot een protocol voor het
afbeelden van Nitinol stents met een verhoogde beeldkwaliteit bij een patientdosis die
ruim binnen Europese normen voor 3D imaging van het hoofd ligt. Deze methode
resulteert in een goede afbeelding van de afzonderlijke onderdelen van de stent (bijv.
draden), waarmee een betrouwbare controle na een interventie mogelijk is.
Het derde deel van het proefschrift beschrijft een methode voor een dynamische
dosisregeling, die de beeldkwaliteit van het systeem verder optimaliseert. De uiteindelijke beeldkwaliteit wordt verhoogd door een nieuwe signaalbewerking voor een
dosis regelsignaal. Een gebruikelijke methode van dosisregeling is gebaseerd op een
vi

rekenkundig gemiddelde, dat afgeleid wordt uit de grijswaarden van het beeld. Deze
methode is sterk afhankelijk van extreem hoge intensiteitsgebieden binnen het meetveld. Wij tonen aan dat het bepalen van een meetkundig gemiddelde van de grijswaarden een aanzienlijke verbetering van de detectielimiet van de details oplevert
voor gedecentreerde objecten. De beeldkwaliteit hierbij is praktisch ongevoelig voor
hoge intensiteitsgebieden binnen een meetveld voor het dosis regelsignaal. Deze gebieden met hoge intensiteit ontstaan bij onverzwakte straling of bij hoogdoorlatende
lichaamsdelen.
Het proefschrift eindigt met conclusies en een vooruitblik. Hierin wordt optimalisatie met een metriek, afgeleid van Shannon’s uitdrukking voor maximale informatiecapaciteit gecombineerd met een Pareto analyse besproken. Deze metriek omvat
de beeldkwaliteitsparameters en patient dosis, zodat de ontwerpruimte optimaal verkend kan worden. Samen met een gedetailleerde kennis van de parameterruimte, kan
deze methode toegepast worden om de ontwerpvrijheden te onderzoeken die leiden
tot een kosteneffectief systeemontwerp. Voor wat betreft de reductie van geheugeneffecten in de CsI:Tl scintillator, wordt aanbevolen om te onderzoeken of de door ons
voorgestelde methode kan worden toegepast in algemene CT-imaging.

vii
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1
Introduction

”All professions are conspiracies
against the laity”
George Bernard Shaw, The Doctor’s
Dilemma (1906) act 1

1.1 Preliminaries
In this thesis we treat the improvement of Image Quality (IQ) for 3D cardio-vascular
X-ray systems, where our study ranges from the image acquisition technique to 3D reconstruction processing. An increasing effort to advance the quality of medical imaging modalities, particularly for X-ray imaging, necessitates a quantitative design for
Image Quality (IQ) and its assessment, with metrics that are measurable and support
a quantitative system optimization. To this end, we define IQ in terms of information
transfer using linear systems theory.
In this section and prior to any detailed analysis, we first briefly introduce the position of X-ray in healthcare, the necessity of processing images, the X-ray system
with its architecture and the importance of IQ and the associated problems.
A. Position of X-ray imaging in healthcare
A large number of non-invasive imaging techniques nowadays exists in the field of
medical imaging. By using a radiation field in a very broad sense, the production of
emission fields, transmission fields or reflection fields, we obtain information about
interior and exterior features of the human body. In the broad spectrum of imaging
modalities, we position X-ray imaging as complementary to Nuclear Medicine, Nuclear Magnetic Resonance, Ultra Sound, and thermography. Multi-modality imaging
with image registration, combines the benefits of the separate techniques and enhances
the diagnostic value. Originally suitable for displaying relatively high contrasts in
tissue and bone, X-ray fluoroscopy and projection radiography has evolved into 3D
reconstruction imaging of soft tissue. Computed Tomography has paved the way to
resolving small contrasts in human tissue and found its application not only in the
stand-alone CT scanner, but more recently also in the cardio-vascular imaging system
3
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dedicated to clinical interventions. This C-arc1 based imaging modality, particularly
suited for interventional techniques, can be equipped with 3D reconstruction software. The imaging technique not only allows for a post-intervention inspection after
a medical procedure, but also for 3D-image guided interventions. To delineate the
application field, we will now list a number of such procedures.
Placing stents in vessels to reduce flow restrictions (stenosis) is a common procedure in a cardio-vascular treatment. Made of steel or nickel-titanium alloys, the woven
mesh construction of stents enables a flexible apposition to the vessel wall after deployment by inflating a balloon or self deployment by materials with a shape memory
such as Nitinol. The stent bodies may be covered by drug-eluting coatings to prevent
re-stenosis. Positioning platinum coils or Nitinol cages in cerebral aneurisms reduce
the pressure on the aneurism wall by coagulation of blood. Vertebroplasty is the procedure which allows stabilization of fractured vertebrae by injecting a cement. The
localization of the injection needle is facilitated by 3D imaging. In electrophysiology,
a procedure to correct arrhythmia of the heart, ablation catheters must be accurately
placed onto the heart wall, in order to block abnormal potential distributions. The
above 3D representations of needles and catheters can be used as an overlay to fluoroscopic images by using the C-arc position data and angular data.
B. Necessity of image processing
We distinguish between pre-processing, post-processing and image enhancement processing. Pre-processing establishes a calibration of the imaging components, e.g. the
detector gain and offset or calibration of the C-arc movement deviations and can be
considered as the necessary first step for improving IQ.
The second step, post-processing, aims at e.g. (1) 3D reconstruction using a set
of 2D images acquired during a rotational scan, or (2) combining a set of 2D images,
while displacing the patient, into one large composite image in peripheral angiography. Yet another example is (3) subtraction angiography.
The third stage encompasses 2D image enhancement, such as required in low-dose
fluoroscopy. Herein, noise integration by recursive filtering and/or matched filtering can be applied, thereby using textural processing templates related to the spatial
anisotropy. The application of these techniques eventually allows for contrast enhancement and/or dose reduction. A stent visibility enhancement in 2D, such as temporal integration of a sequence of images after image registration using stent markers
(StentBoostT M ), again allows for a further contrast increase. The same rationale applies to 3D reconstruction rotational angiography, where stent visibility enhancement
can be performed including 3D motion compensation (Schoonenberg [1]).
C. X-ray system and architecture
A brief description of X-ray imaging devices comprises an X-ray source and an X-ray
detection device (the detector). The object to be imaged is placed between the X-ray
source and the detector and absorbs part of the X-ray beam depending on the material
density and thickness and as a result, it modifies the spatial distribution of the X-ray
beam that reaches the detector. Prior to detection, the signal-carrying beam is largely
1 The
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C-arc system is presented in the following paragraphs, including a picture.

1.1. Preliminaries

C-arc
Viewing
Viewing
Detector

Patient table

Source

Control and review

Figure 1.1: Typical cardio-vascular X-ray imaging system. A C-arc is displayed, with three
degrees of freedom in rotation. The arc comprises an X-ray source and a flat detector. Further, a
patient table is shown with all the complementary degrees of freedom to allow positioning with
respect to the imaging chain. A display unit is shown and the control tablets for positioning,
acquisition, processing and viewing.

deprived of the undesired scatter component by an anti-scatter grid. The detector is
a means for capturing the received X-ray beam. An example of such a digital capturing system is the flat-panel image sensor based on amorphous silicon technology.
The imaging sub-system is borne by a mechanical support, which can assume all the
necessary positions to accommodate the required projections (C-arc). The captured
images are processed and finally observed on display units (see Fig. 1.1).
D. Importance of Image Quality (IQ)
It is our purpose in this thesis to explore IQ in objective measures in terms of how
accurately an image represents a subject in objective terms. The accuracy serves the
diagnostic task, i.e. the detection of a feature in a background, such that it can be classified or quantified. To this end, we investigate noise, sharpness, contrast, the signal
itself, dose and image artifacts. Noise can be regarded as a random variation in pixel
value. Sharpness determines the amount of detail that an image can transfer. Contrast
is the difference in signal height of a detail with respect to its background. The signal
carries the information in a broad sense and should eventually be optimally mapped
onto the detector’s dynamic range. The X-ray dose plays a principal role here, also
covering the influence of the quantum noise. All the relevant parameters must be optimized jointly in order to maximize the IQ fueling the perception, while minimizing
the patient dose.
5
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E. Problems in IQ
Apart from the intrinsic properties of the imaging components, which may add noise,
blur and contrast loss, numerous artifacts can be found in X-ray imaging. An artifact in an image should be regarded as a deterministic disturbance which impacts the
perceived IQ. Image deterioration during acquisition, forms a large collection and the
lower the contrast and detail are, the more they influence the IQ. A particular artifact
is the memory effect imposed by the scintillator-layer physics in the detector. In this
thesis, it is an objective to reduce this memory effect to remove ghost images, thereby
obtaining a higher IQ.
In the sequel, we will convey the research results to the reader in the following
order: scintillation-bound memory effect reduction, IQ modeling for 3D systems and
dose control. The particulars in background for each subject are clarified in the following sections.

1.2 Background
A. Background on memory effects of the detector in terms of hysteresis
Ideally, the image sensed by the detector is a function of the X-ray pattern projected on
the detector surface at the actual point in time. This means that the detector is ideally
not affected by previously captured images (memoryless capturing). However, it turns
out that the X-ray patterns previously projected on the detector, disturb the properties
of different components of the detector. In the produced images, this disturbance is
seen as spurious ghost images of previously recorded images, superimposed on the
current image (Siewerdsen [2]). The mentioned ghost images are caused by physical
phenomena, appearing in both the scintillator and the photodiodes. In both components, the produced electron-hole pairs can get trapped in the vicinity of impurities
of crystals (Nikl [3], Rodnyi [4] Lecoq [5]) and cannot instantaneously contribute to
the generation of the output, thereby locally affecting the detector sensitivity. The
trapped electrons are released slowly and contribute to the generated signal in a delayed form. This delay finally appears as a ghost image, which clearly influences the
IQ of the X-ray system (see Fig. 1.2). In signal processing terms, the artifacts are
typically modeled with two components: as an additive residual signal effect and a
multiplicative gain effect. The effect of the residual signal due to the scintillator in
the image is called afterglow, while the gain effect leads to a so-called bright-burn.
The previously mentioned artifacts appear strongly in the temporal domain and are for
the X-ray system expert known as lag and hysteresis, respectively. These two aspects
will occur frequently in the middle part of this thesis, as they are major hurdles for IQ
improvement. In the existing X-ray systems based on 2D imaging, the above physics
aspects and the related temporal artifacts are already manifest and form a limitation
for high IQ. In the case of high-dose imaging followed by fluoroscopy, the photodiode
memory effects prove to be unacceptable and clearly result in ghost images that are
superimposed on the fluoroscopy images. The photodiode memory effect has been
6
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Figure 1.2: Imprinted ring caused by a zoomed field edge transition inside the skull.

solved by irradiating the diode array with a pulsed backlight. These artifacts are commonly referred to as memory effects.
In advanced 3D C-arc imaging (CT) applications, using the CsI:Tl-based detector, IQ may be seriously hampered by fixed patterns in scintillator sensitivity, due to
e.g. high X-ray irradiation transitions at the borders of a window confining a radiation field by lead shutters. It is a system requirement that contrast differences smaller
than 5 Hounsfield Units (HU)2 must be discerned in a soft-tissue imaging application. Consequently, the detector artifacts should be considerably lower in magnitude.
Transitions in previous X-ray irradiation patterns may be displayed as ring-shaped
modulations in the reconstructed volume. Depending on the magnitude and duration
of irradiance differences, these sensitivity irregularities may persist for a long period
of time (days). After a prolonged intervention at fixed zoom formats, large irradiation
differences, such as encountered with the above X-ray shutter transitions, will impair IQ. For a CT type of imaging in Cardio-Vascular Systems, this ghosting problem
is currently dealt with by periodically resetting the detector with a high X-ray dose.
This solution has the disadvantage that it requires removal of the patient from the Xray stand and is therefore undesirable. It is the purpose of this thesis, that the IQ is
improved and when these memory effects are reduced and thereby the resulting ghost
2 This

unit expresses a contrast which in this case is the equivalent of a 0.5% contrast step.
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images, the requirement of patient removal is eliminated as a bonus. It will be shown
in Chap. 3 that by using a technique based on back-lighting the scintillating layer with
UV or blue light, the previously mentioned artifacts are considerably reduced. The
new method accomplishes ghost-prevention, either by (1) continuous trap-filling at
image-synchronous UV light pulsing, and/or (2) by applying a single dose of UV or
blue light.
B. Background on the modeling of IQ related to the dose set-point
Image Quality and Patient Dose (IQ-PD) play a principal role in the design of medical imaging systems (Beutel [6]). 2D Cone-beam X-ray systems, incorporating a
flat detector can be used for three-dimensional Rotational X-ray imaging (3D-RX,
Rasche [7]), such as 3D rotational angiography or soft tissue imaging. C-arc 2D Xray systems are commonly used for this purpose. It is not evident however, that the
application of settings for optimal 2D images guarantee optimal conditions for 3D-RX
reconstruction results. Prospecting for a trade-off between patient dose and IQ may
lead to erroneous results in case of 3D imaging if not supported by proper modeling.
A 3D full-scale IQ and PD simulation model, carefully considering the combination
IQ-PD, will be of high importance for a precise diagnosis, by using specific calculations of patient dose, while exploiting rotational imaging conditions. Understanding
IQ-PD for a cardio-vascular system requires insight in the combination of, among
others, X-ray generation, absorption, detection and image reconstruction processing
(Kak [8]). Our primary aim is to study the design of a 3D system in the framework
of optimally balancing IQ and PD. In order to implement this in a reproducible way,
it is essential to address all the imaging components individually and consider their
interdependencies up to and including the system level. The combinatorial explosion
of the involved joint parameter set for IQ control, necessitates a comprehensive construction of an IQ model. To address the behavior of each component, we will develop
intrinsic performance models and deterioration models, describing their behavior in
detail. This approach will eventually result in a system design that enables a reliable
clinical application.
C. Background on dose stabilization under dynamic system usage
In dynamic X-ray imaging, where object densities may vary strongly, a proper dynamic dose control is indispensable to maximize information transfer, while stabilizing the patient-absorbed dose as low as reasonably achievable (ALARA)3 (Kalender [9]). When dose is not properly controlled, the Contrast-to-Noise Ratio (CNR)
may be severely decreased, which leads to a reduced contrast resolution, thereby negatively influencing the diagnostic value of the image. To temper the effects of steep
temporal and spatial density transitions, an improved method is needed to optimize
dose control and IQ of 3D imaging with a a moving C-arc Flat Detector X-ray system. In such a system, direct radiation may pass un-attenuated by the object, which
initially leads to bright areas in the image. These conditions are found in case of
de-centered objects, or at highly transparent parts of the body. Typical dose-control
concepts evaluate the signal for control purposes, which involves the integration of
3 The
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ALARA principle in X-ray imaging is defined as “As Low As Reasonably Achievable”.

1.3. Research scope and problem description
the signal content within a measuring field with a real-time weighting technique. As a
consequence, the CNR will be lowered in highlight-containing projections, since the
dose-control subsystem will then reduce the X-ray dose for the signals derived from a
measuring field within an acquired image. We propose a method to reduce the effects
of large-density (absorption) transitions.
As a concluding remark, the reader has probably found already that the common
element for IQ optimization is that we go back to the fundamental physics of X-ray
imaging and we omit lengthy discussions on image enhancement techniques as published in literature. This approach is a clear focal point of the research work described
in this thesis and related to the background of the author, which also places the research in a specific position.

1.3 Research scope and problem description
In this section we delimit the scope of our research and detail the research questions
and design requirements at the system level for the three main topics. Successively,
we discuss (1) UV-assisted hysteresis reduction, (2) IQ modeling and its optimization
on an intrinsic basis and a deterioration basis for 3D systems, and (3), we address
IQ and dynamic dose control. The research field is hierarchically delimited by the
following layers: modeling, verification, system design for IQ and application, either
in an industrial laboratory or in a hospital environment (see Fig. 1.3). The architecture
and realization of 2D image acquisition and 3D processing are discussed along with
the architecture of the IQ model. The detailed models are developed and they will

Topics
Hysteresis

Image Quality

Dose control

Application
3D processing
Design
Pre-processing

Dose
Verification

Modeling

Acquisition

Figure 1.3: Topics and layers of the thesis.
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eventually supply image acquisition protocols.

1.3.1 UV-assisted hysteresis reduction
Let us first provide a scientific explanation and a verified artifact reduction model for
memory effects in a CsI:Tl scintillator layer. The primary objective of the study in
this thesis is the reduction of ghost images in X-ray imaging by UV light exposure of
the scintillator. This method will improve the X-ray image quality. This leads to the
following layering of the scope.
• Materials. We research the trapping/de-trapping process, focusing on the mechanism of radiation damage and fundamentals of scintillators, exposed to UV and
X-ray thereafter. To this end, we perform optical spectroscopy as a function of
X-ray history, considering transmission and absorption, excitation and emission, supporting the modeling of the relevant processes involved in scintillators.
• Detector. This work involves the wavelength dependence of all the parameters relevant to image quality. This primary point is broken into three main
issues: (1) signal generation and noise, involving the Detective Quantum Efficiency based on analyzing the Noise Power Spectrum and the Modulation
Transfer Function; (2) response on X-ray, concentrating on (a) the short- and
middle-term X-ray temporal response (lag) for photodiodes and the afterglow
from CsI:Tl, and (b) the long-term X-ray temporal response: decay of the UVinduced effect on gain and contrast; (3) the sensitivity of various aspects: (a)
non-uniformity due to variations in UV irradiation in case of trap-filling, (b)
X-ray sensitivity. We validate this method for different ghost levels.
• Systems. We perform laboratory inspection on the IQ of reconstructed images
with modeling and verification of the imaging chain at a system level.
In order to meet this first objective of study, we pose the following principal research questions (RQ) and system requirements (SR).
• RQ1a: How to scientifically justify, design and validate a de-ghosting procedure with UV light exposure?
• RQ1b: What are the side effects of the new procedure on the system image
quality (e.g. MTF, DQE, lag, sensitivity) and how do they depend on the parameters of the UV light (e.g. wavelength, power, duration)?
• RQ1c What is the efficacy of the above method compared to a high-dose X-ray
exposure and how can the ghost images be optimally removed with the new
technique, considering the newly emerging system design?
• SR1: The new method should not interfere with the existing system performance. The method should be integrated in an easy way in the existing architecture.
10
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1.3.2 Modeling of Image Quality
Yet another objective is to describe the total 3D imaging chain in terms of IQ and
X-ray dose, covering also multidisciplinary dependencies. In this second part of the
thesis, we will develop an IQ model that follows the complete X-ray image acquisition
architecture in terms of function, allowing a performance design and a performance
analysis with accurately verified performance indicators for a virtually artifact-free
system. We seek simplicity, functionality and accuracy, following the signal flow
through the imaging components. The imaging performance is in all cases validated
and verified with application models, either in the hospital or in the laboratory. An
emphasis is laid upon maximizing information transfer, while minimizing absorbed
patient dose using the ALARA principle. Wherever appropriate, perception elements
are included. We pursue signal flow through transfer functions in the pre-sampling
and post-sampling domain throughout the entire chain, up to but not including the
specific rendering and display components. The vast area of image enhancement is
left out of the research scope deliberately, but an obvious improvement can be realized thereby as a next processing step upon optimal acquisition. We will investigate
3D back-projected reconstruction IQ, which is governed by shaping, collection and
detection of X-radiation fields. This reconstruction includes deterioration by external and internal stimuli. While optimally acquiring images, another objective is the
modeling and measuring of PD, which is inalienably associated with IQ. To elaborate
on the subject of IQ and dose, we distinguish between four main groups in the 3D
IQ working field (Fig. 1.3): dose control, image acquisition, detector pre-processing
and 3D image reconstruction processing. For this second part we need to answer the
following principal research questions.
• RQ2: How can we extract the component transfer functions from the known 2D
image acquisition steps and the 3D image processing steps and derive IQ models, taking signal-, sharpness-, noise-, contrast-transfer and dose into account?
• RQ3: How can we optimally design for IQ and (patient) dose, in particular for
a hospital application case?
• SR2: The transfer functions should apply to a cascaded imaging subsystem.

1.3.3 Dynamic dose control
The third part of the research involves dynamic dose control. Our aim is to find a
norm-like signal evaluation that maximizes the information transfer of the image, i.e.
optimally maps its latitude onto the detector’s dynamic range, so that the IQ is optimized. To this end, we investigate the geometric average for the signal evaluation as
opposed to the commonly used arithmetic average. We evaluate this control method,
which optimizes the detector dose, yielding a well-defined IQ in terms of system contrast resolution. We will connect the results of this type of signal processing with the
CNR and low-contrast resolution. We will establish a point of reference towards Information and Communication Theory.
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The following Principal research questions will be addressed.
• RQ4: How can we evaluate a prior image in order to extract a control signal that
warrants an optimal use of the detector dynamic range in a posterior image?
• RQ5: How will the method alleviate the effects on IQ of direct radiation entering a dose-control measuring field?
• SR3: The method should preferably have only a minor impact on system design.

1.4 Contributions of the research
This thesis stacks three main layers: (a) fundamentals, (b) system design and (c) application, either in a hospital or in the laboratory (see Table 1.1). Every research
subject has its designed application in an X-ray imaging product: hysteresis artefact
reduction by UV, vibration movement aspects, magnetism-induced movement aspects,
dose control and a general (intrinsic) 3D imaging IQ model. Reference is given to the
chapters dedicated to the specific subjects. A large part is devoted to photo-stimulated
hysteresis reduction, the remainder on intrinsic IQ, deteriorated IQ and dynamic dose
control. The developed models on IQ are united in a 3D imaging module, which is
placed on an existing 2D IQ-model platform (Kroon [10]). The following research
contributions can be distinguished.

Table 1.1: Overview of research contribution to IQ improvement for various cases.
IQ
Fundamental
Design
Application

Calibrated intrinsic

Deteriorated: internal

Deteriorated: external

3D Cone Beam

Memory effects

Vibrations, magnetism

Nitinol stent imaging

Laboratory System

Laboratory System

Clinical Nitinol Imaging

Nitinol stent imaging

Nitinol stent imaging

A. Contributions to UV/blue-light assisted hysteresis reduction
We have investigated a new technique for reducing the detectors temporal-spatial gain
and off-set artifacts as induced by memory effects. To this end, we have used UV
light pulses impinging on the scintillator layer. The most important benefit is an improved image quality by filling of traps in the scintillator layer, so that ghost images
cannot be generated. As a second benefit and bonus, this can be accomplished without
the need for removing the patient from the X-ray stand and applying a large uniform
X-ray dose to the detector. A third benefit is that preventing high X-ray doses will
prolong the service life of the X-ray source, and possible damage to the detector is
avoided. In more detail, our new method is based on using UV light to fill the traps
of the scintillator by flooding the scintillator, thereby restoring the uniformity of the
scintillator response to X-ray. The mechanism underlying this process is explained
12

1.5. Outline and scientific background
on an atomic scale and we contribute with a model describing the effect on IQ on a
macroscopic scale. The model eventually leads to an optimal design of a de-ghosting
procedure. A working prototype has been built for an laboratory evaluation, which
has fulfilled the requirements at the system level and performed equally well as the
current method. The research leads to the conclusion that apart from the gain effect,
or hysteresis, also lag is reduced to a level that may be beneficial to the performance
of high-speed systems.
B. Contributions to modeling and verification of Image Quality
We have modeled IQ for 3D C-arc cardio-vascular systems. In a vast parameter space,
our established model, governing the area of X-ray generation up to and including
the 3D reconstructed volume, enables to describe and optimize the system performance in objective IQ terms. In the model we can include the intrinsic properties of
the component cascade, but also the deteriorated properties induced by environmental
and system-bound effects, such as transient-induced vibrations and bearing-induced
vibrations. The effects of external magnetic fields have been described in a qualitative
way and can be readily included in a parametric model. The multi-parameter model
allows for -design for IQ- with verified properties. We have proven in clinical practice,
that the design of an imaging protocol for Nitinol-stent imaging is a first-time-right
process, initially in vitro and subsequently in vivo. This clinical example shows that
the IQ model allows for a fast design of an image-acquisition protocol.
C. Contributions to dose control
We have devised a dose-control method which is virtually immune to high-density
transitions while acquiring the set of images for 3D reconstruction. In particular,
the detrimental effect of inclusion of direct radiation in a measuring field, upon decentering the object, has been reduced drastically, thereby resulting in a stable and
dependable dose-control subsystem. The nature of the dose-control signal evaluation
almost obviously complies with the logarithmic signal processing, as encountered in
2D subtraction imaging or in 3D reconstruction imaging, and it induces optimal information transfer.

1.5 Outline and scientific background
This section presents an outline of the chapters and summarizes the key contributions
of the individual chapters. Additionally, we justify the scientific background by referring to the publications involved in the writing of each chapter. The structure of
this thesis is shown in Fig. 1.4. Chap. 2 describes the X-ray system in detail, i.e. the
architecture of a system with its relevant components and the IQ-determining factors.
In the second part of Chap. 2, we present the general background of scintillation materials and for CsI:Tl in particular, with a strong emphasis on hysteresis and afterglow.
Chap. 3 describes the background to the annihilation of memory effects and provides a
relation between the solid state physics and the IQ parameters for a co-doped and UVirradiated CsI:Tl scintillator. In Chap. 4, we highlight the scientific development of a
3D IQ model for the intrinsic behavior of a C-arc Cone-Beam system. It is followed
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Model application
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Dynamic Dose Control
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Conclusions

Figure 1.4: Structure of the thesis.

by 5, treating the effects of environmental deterioration in terms of vibrations and
static magnetic fields. Chap. 6 embraces a particular design for a clinical application.
In this application, the design rationale is established for an optimal imaging protocol for Nitinol stents. Chap. 7 is devoted to a dose-control sub-system that reduces
the sensitivity to (a) object de-center and (b) the transitions in inter- and intra-image
dynamic content. Chap. 8 summarizes the findings of the individual chapters and provides an outlook.
Chapter 2 establishes a description of general X-ray imaging systems through
its main sections: the pre-sampling or analog domain and post-sampling or digital
14
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domain, broken down into (a) the components with reference to acquisition and processing of images for 2D and 3D X-ray systems and (b) along the IQ basis. Along
this line, it defines the main IQ descriptors which are used throughout this thesis.
Using linear systems, we subtend the play-field of the IQ model by the notions of
signal-transfer, contrast-transfer, noise-transfer and sharpness-transfer. These entities
are bridged by important IQ-related factors such as DQE and CNR, where all reside
on a dose-related basis. Apart from these linear-systems notions, a brief discussion on
reconstruction artifacts is given.
The second part examines the basics of scintillation materials in general and of
activated CsI in particular. The principal scintillation characteristics are discussed,
followed by a brief description of suitable scintillation materials. The scintillation
process and the detailed mechanism referring to CsI:Tl are treated to support the understanding and design of a hysteresis-reduction method by UV irradiation. The main
IQ aspects are reviewed in relation to the scintillation layer.
Chapter 3 describes first, a microscopic and macroscopic model, relating photochemical features of the scintillating material and IQ. A microscopic model is proposed for trap population and trap depletion in a co-doped scintillation material. A
macroscopic model for an equilibrium state, based on the Stern-Volmer relation is
proposed, which allows interpretation of the data found by gain and contrast measurements. Second, we supply an experimental basis for the analysis of the UV/blue-light
assisted hysteresis reduction. We evaluate ghost-imprinting and ghost-reduction effects on a scintillator level, detector level and system level. Two methods for UV/bluelight assisted hysteresis reduction are described in terms of trap-population effects and
trap-depletion effects. We discuss IQ aspects such as noise, sharpness, contrast and
lag connected to the proposed method.
The contents of this chapter are presented in two published patent applications:
US2010/0051816A1 [11] and US2010/0140484A1 [12] and a contribution to the SPIE
Conference on Medical Imaging 2009: Physics of Medical Imaging [13]. A journal
paper is submitted to IEEE Transactions on Nuclear Science [14].
Chapter 4 concerns IQ modeling and verification of 3D cone-beam imaging systems. The complete X-ray system from the X-ray tube up to and including 3D postsampling image processing, is modeled in separate blocks for each component or process. The model will eventually act as a tool for X-ray system design, IQ optimization
and PD reduction. The model supports the decomposition of system-level requirements and takes inherently care of the coherence between the components. Short calculation times enable multi-parameter optimization studies. The model performance
is verified by comparing calculation results with measurements carried out on a 3D
imaging system. The measurements include a PD index, signal and contrast, MTF,
signal-noise variance and CNR. For verification, we develop a new 3D contrast-detail
(3D-C∆) phantom and a thin-wire phantom for sharpness measurement.
The contributions discussed in this chapter have been published at the conference
SPIE Medical Imaging 2006: Physics of Medical Imaging [15].
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Chapter 5 studies the influence of C-arc system vibrations and external magnetic
fields on IQ deterioration for 2D angiography and 3D cone-beam X-ray imaging. The
motion of scanning C-arc X-ray systems can induce vibrations to the imaging subsystem, which will affect IQ in terms of blur and shift artifacts. The former may result
in irreparable loss of information. We will model and verify the effect of vibrations in
2D subtracted and non-subtracted imaging. Two effects on 3D IQ are also modeled:
(1) vibrations during actual image acquisition, resulting in movement blur, and (2)
C-arc movement errors after calibration in the iso-center, giving an additional remnant blur. The model establishes a relation between vibration amplitudes and IQ for
dominant system Eigenfrequencies. The validity and accuracy of the model for 2D
and 3D imaging modes is supported by experiments. Another aspect discussed in this
chapter, relates to the qualitative blurring effect of magnetic fields on the X-ray focal
spot, which is assessed as yet another deterioration.
The chapter contributions have been published at the 4th Int. Conf. on Image and
Signal Processing (CISP’11) [16]
Chapter 6 embraces the design and the application of a high-resolution 3D Xray interventional imaging protocol for intracranial Nitinol stents. A system-level
approach on Nitinol stent imaging is given. For this purpose, an IQ simulation and an
in-vitro study is carried out. Experiments with objects are preceded by IQ and dose
simulations while broadly varying X-ray imaging parameters. High-contrast spatial
resolution is evaluated with a CT phantom. Low-contrast resolution is optimized for
the Nitinol stents. By balancing the modulation transfer of the imaging components
and tuning the high-contrast imaging capabilities, we show that thin Nitinol stent wires
can be reconstructed with a high CNR and good detail, while keeping radiation doses
within recommended values. We will demonstrate in clinical practice that in vivo
images show a good visibility of the Nitinol struts.
The major chapter part is published in the journal Neuroradiology [17] in 2011.
Chapter 7 proposes a new signal processing technique for dose-control sensing.
Improper dose control in X-ray cardio-vascular systems may lead to a reduced Signalto-Noise Ratio (SNR). For de-centered objects, or a highly transparent anatomy juxtaposed to a region of interest, we aim at reducing the influence of an undesired response
to bright areas (highlights) in an image measuring field. This would normally lead to
a reduced signal upon dose control. To preserve the SNR, it is our desire to use a
norm-like signal evaluation that controls dose with an optimized IQ. We have found
that geometric averaging in a measuring field outperforms existing techniques based
upon arithmetic averaging and significantly improves IQ for strongly varying interimage and intra-image densities. The method yields a good CNR ratio for de-centered
objects. We provide experimental results showing the improvement.
The content of this chapter is published in a patent application WO200036884A [18] and at the Int. Conf. on Image Processing (ICIP) [19].
Chapter 8 summarizes the conclusions on the preceding chapters, briefly recapitulates the answers to the research questions and gives an outlook to future work.
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2
Systems, fundamentals of IQ and
scintillation

“In the field of observation, chance
favors only the prepared mind. ”
Louis Pasteur

The first part of this chapter provides an introduction to X-ray imaging systems
and elaborates specifically on the background of Image Quality (IQ) optimization.
X-Ray imaging systems are generically described through their main sections: the
pre-sampling or analog domain containing physical aspects, and post-sampling or
digital domain which is heavily based on image processing. Both domains are subdivided into two areas. The first area is along the components-axis with reference to
acquisition and processing of images for 2D and 3D X-ray systems. The second area
is along the IQ axis, defining the main IQ descriptors used throughout this thesis.
Using linear systems, we subtend the playing field of the IQ model by exploring the
transfer functions of signal, contrast, noise and sharpness. These entities are bridged
by transitional forms such as Detective Quantum Efficiency (DQE) and relate to dose
aspects. Apart from these linear-systems-based items, this part concludes with a discussion on reconstruction artifacts.
In the second part of this chapter, the basics of scintillation in general and of activated CsI in particular are examined. The principal scintillation characteristics are
discussed, followed by a brief description of suitable scintillation materials. The scintillation process and the detailed mechanism referring to CsI:Tl are treated up to level
such that the elaboration of hysteresis reduction by UV irradiation is supported. The
main IQ aspects are reviewed in relation to the scintillation layer.

2.1 Introduction
This chapter introduces X-ray imaging systems with a specific emphasis on (1) Image
Quality (IQ) and (2) Scintillation. The chapter serves as a technical introduction to
the succeeding research chapters of the thesis and describes the system operation and
important aspects of X-ray imaging. If the reader is knowledgable in this area, he may
skip the reading of this chapter.
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Detection of signals in noisy images, as generally encountered in imaging systems,
requires maximization of information transfer. An accurate description of the imaging
process is a required prior condition to the design of high-quality X-ray imaging systems. Not taking into account the interdependencies of all the components influencing
information transfer, is bound to lead to sub-optimal results. The models, as addressed
in the following chapters, will rely on these interdependencies and use the terms and
definitions of the transfer functions that will be introduced in this chapter.
We commence with an outline on systems and imaging components. Second, we
elaborate on basic IQ descriptors. Third, we describe intrinsic and deteriorated IQ for
3D image acquisition and reconstruction. Finally, a brief clarification will be given on
image artifacts. Following this line, we supply a basis for a system approach in the
following chapters. Therein a detailed description will be given on the IQ models, IQ
simulation, verification techniques and IQ measurement means, which have emerged
from both literature and preceding work of the author. In most of these chapters,
patient dose control and its assessment, will constitute a cornerstone of the imaging
process. We finalize this part of the chapter by discussing the image artifacts, which
can occur in 2D image acquisition and in 3D image reconstruction. The image artifacts stemming from memory effects originated in the scintillation layer, deserve a
separate technical introduction.
The scintillation process can be identified as an interaction of high-energy photons with matter, such that optical photons are created. Wilhelm Conrad Roentgen
noticed in 1895 that a barium platino-cyanide screen glowed in the neighborhood of
a discharge tube and discovered a new and penetrating radiation, since then called
X-ray (Nikl [20]). This discovery foreshadowed a huge effort in improving detection
of these rays, which lasts until today. The radiation and its corresponding interaction
is an example of radio-luminescence, generated in organic or inorganic solids, liquids
or gasses. We limit our discussion to inorganic solids, since these scintillator types
are widely used in detection of ionizing radiation in high-energy physics or medical
imaging. They have a large history, starting around 1900 with CaWO4 and ZnS as an
example for use in medical imaging. In the past 10 years, the research took a direction
towards fast CT applications with Ce-activated rare-earth compounds (Bizarri [21]).
In recent years, numerous new candidates have been identified and efforts have been
undertaken to improve CsI:Tl with respect to hysteresis and afterglow (Bartram [22],
Brecher [23]). We propose an alternative method in Chap. 3 by applying UV irradiation on suitably co-doped CsI:Tl with the inherent advantage of an increased sensitivity, rather than a loss of up to 30% as encountered by the Sm or Eu co-doped material
mentioned in the previous proposal.
We construct this chapter as follows. In the first part, Section 2.2 gives an introduction on components and systems. Section 2.3 reflects on system IQ and Section 2.4
elaborates on basic IQ numeric descriptors. Section 2.5 describes the main IQ artifacts
encountered in 3D back-projected reconstructions.
The second part discusses the principal scintillation characteristics in Section 2.6,
scintillation materials for medical imaging in Section 2.7, the scintillation mechanism
of doped alkali-halide crystals in Section 2.8 and IQ for a scintillation layer in Section 2.9. We finalize this chapter with conclusions in Section 2.10.
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2.2 X-ray imaging systems
Fig. 1.1 displays a typical cardio-vascular system, which comprises the mechanical
sub-system with the rotatable C-arc, allowing the angular positioning of the imaging sub-system attached to it. The figure also shows the patient table, which allows
positioning of the patient with all the necessary degrees of freedom. The system is
completed by display units and system-control units. Not shown are the electronic
driver units for X-ray dose control, image acquisition control and image processing
units, which are placed in the technical room. Prior to addressing 2D and 3D imaging
systems, we will now briefly discuss the origin, attenuation and detection of X-rays.
Origin of X-ray generation.
Essentially, X-ray quanta are generated by two effects. First, the bremsstrahlung type,
which should be interpreted as an emission of quanta produced by an accelerated
charge impinging on a tungsten target. The charges, i.e. electrons, are produced at a
heated cathode and electron-optically imaged onto the target. The electron partly loses
its energy by collision and is scattered many times afterwards, thereby losing energies
again. This results in a continuous emission spectrum, with an upper bound set by
the maximum voltage between cathode and target. Second, characteristic X-rays are
produced by an electron transfer to the lower trajectories of the target atoms. The
process is started by removing electrons by the high-energy beam electrons, which
results in the production of vacancies. An electron from an outer shell can relax to fill
the vacancy and a specific photon is produced with an energy equal to the difference
between the two orbital energies. For tungsten, two dominant energies emerge, while
the remainder is obscured by the continuous spectrum (Beutel [6]).
Attenuation of X-rays by matter.
The interactions with matter result in deposition of energy and scattered energy which
can escape the object. Also characteristic X-rays may be produced. For the interaction
four types can be observed: (1) the photo-electric effect, which is the dominant absorption mechanism for the range of energies encountered in medical X-ray imaging.
The energy is completely absorbed if the binding energy of an electron is surpassed. If
the energy is equal to that binding energy, an edge is formed in the probability function
of the interaction. The photo-electric effect results in ionization. An ejected photoelectron may ionize the material further. The filling of vacancies will result in the
production of characteristic radiation. The probability of interaction increases with
the thickness of the matter being traversed and the typical exponential dependence
along the thickness is observed, described by
∫
I
= exp(− µ(l, E)dl) + S(l, E).
(2.1)
I0
Herein the input irradiance I0 is attenuated to I through an exponential attenuation containing a line integral of the energy-dependent linear-attenuation coefficient
µ(l, E), with l denoting the material length. The superimposed scatter S explains the
contrast loss induced by (2) Rayleigh scattering, which is an elastic scattering, whereupon quanta can escape the object and will be detected afterwards and (3) Compton
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3D
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Equations
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Figure 2.1: Typical X-ray imaging system, containing the subset of 3 principal sub-systems:
Dose Control, Image Acquisition and Image Processing, leading to a cascade of model modules.
The bottom part (modules) shows the set of equations with the design variables as input and
the objective variables as output.

scattering, an inelastic scattering which takes place at energies as typically found in
medical imaging. In case of (4) pair production, an interaction occurs with the electric
field of the nucleus and is only feasible for energies in excess of 1 MeV. A quantum is
completely absorbed and as a result, a positron and an electron are produced.
The shadow imaging being dominated by the photo-electric effect and Compton
scatter, can be regarded as a superposition of quanta with different energies and densities. This image, modified by the anti-scatter grid (with an effect considered being
constant throughout the thesis), can now be detected by suitable means. Here, we are
dealing with the same type of interaction of X-rays by matter, in this case with CsI:Tl,
as the scintillating layer. The process of generating light after absorption of an X-ray
quantum will be discussed in the sections on scintillation.

2.2.1 Cascade of imaging components
The X-ray system can be subdivided into sub-systems containing components. Fig. 2.1
shows the principal sub-systems, leading to the set of modules derived from Image Acquisition, Image Processing and Dose Control. The modules are essentially confined
to the 3D imaging modules. The input for these modules, containing the equations
which describe the IQ, is embraced by the set of design variables. The output is
formed by a set of objective variables, which can eventually be combined to yield a
Figure of Merit (FOM).
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We can now detail the relevant components. To that end, Fig. 2.2 shows a generic
lay-out of the X-ray imaging sub-system, describing the imaging process from X-ray
quantum up to and including the visual system. This description will serve as a basis for a multidisciplinary system design for IQ and encompasses a group of tightly
coupled mathematical relationships, each with their inputs, outputs, control parameters and control loops. We limit ourselves to the parts indicated in grey shades and
particularly to 3D reconstruction imaging with the modules containing processes and
components, which can be modeled and will serve the simulations. For completeness,
also the coding stage is shown, but generally compression techniques are not used in
this type of medical imaging. We describe the physics of the imaging components in
the following list.
Optical irradiance field

Optical
source

Image
pre-processing

Object

Image gathering

Pre-sampling domain

X-ray source

Filter

X-ray radiance field
Carrier

X-ray irradiance field
E(u, v) Acquired image

y
Post-sampling domain

Image coding

Re-sampled domain

Image processing

Image display

Image storage

Visual system

Radiance field

Figure 2.2: Generic X-ray imaging system. The dark-grey boxes indicate the pre-sampling
(physics) components and the light-grey boxes the post-sampling (algorithmic) components.
Image coding is not applied in the investigated system. The Image storage, the Image display
and the Visual system are not addressed and are shown in blank boxes.

21

2. S YSTEMS ,

FUNDAMENTALS OF

IQ

AND SCINTILLATION

Vacuum envelope
Tungsten rotating target
Stator

Anode

Cathode

Rotor

Filament
Electrons

X-ray beam

Figure 2.3: Lay-out of an X-ray tube.

A. X-ray source
The X-ray source serves as an information carrier in the form of an X-ray radiation
field. The source comprises a rotating tungsten target, with a slanted profile, whereupon impinging electrons liberate X-ray quanta. These electrons originate from an
incandescent source (cathode) and are imaged on the target (anode) by the accelerating electron optics (see Fig. 2.3). The speed of arrival can be adjusted by the voltage
across the gap between the cathode and the anode and determines the beam quality,
i.e. the energy spectrum before (pre)-filtering. The beam current can be regulated by
the cathode grid and sets the quantum generation in a linear way, independent of the
spectral beam quality.
Field size, uniformity and spectral distribution. The slanted target has the effect
that the signal will be reduced due to self-absorbtion in the field direction approaching the angle of grazing production of the quanta (heel effect). Consequently, the
Contrast-to-Noise Ratio (CNR) will be reduced at that angle. The useful field-size
depends on the anode angle and for a vascular system accommodating a large detector, it amounts to 11◦ . The oblong vascular detector should be oriented towards this
direction with its short axis, in order to fully benefit from a maximally uniform coverage. At this field edge, the self-absorption wil have an effect on the energy spectrum.
The low-energy quanta will be self-absorbed and will not contribute to the imaging
process. Consequently, the pre-sampling contrast of the image will be reduced at the
field-edge position. It should be borne in mind that the coverage is largely depen22
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dent on the Source Image Distance (SID). This implies that the uniformity will be
reduced for shorter distances between detector and source. An advantage associated
with shorter SIDs is that the quantum density is higher and that consequently, a constant tube-power load can be used for lowering the voltage and thus the pre-sampling
contrast. For 3D systems however, the SID is large, in order to accommodate patient
clearance upon rotating the C-arc. In the design for 3D imaging, care must be taken
to optimally set the voltage, the current, the exposure time and the number of projections, in order to avoid overloading the X-ray tube.
Focus size. Generally, the electron optics can be switched in magnification, thereby
producing foci of different sizes. A two-foci configuration is common and a typical
vascular tube can have nominal sizes of 0.4 mm and 0.7 mm. For a given maximum
dissipating power and current density, a larger focus can produce more X-ray quanta
at the expense of an increased geometrical blurring. The relative contribution to the
system MTF will also be influenced by fore-shortening of the focus for different directions of the emanating rays with respect to the anode angle. The apparent size of
the focus will differ in the direction of a plane comprising the electron-optics axis and
the target-rotation axis. The foreshortening in one direction will imply a lower blurring in the radiation field at the corresponding position. Although the variation across
the projected field can be included, we confine ourselves to the paraxial position. The
focus size depends also on the geometric magnification. Yet another dependency of
the focus size relates to the tube-current and -voltage. The former will cause an extra
blur due to an increased space-charge density in front of the cathode filament. The
latter will slightly reduce the focus size with an increasing voltage, due to a reduction in electron-optical chromatic abberations. Another effect is the susceptibility of
electrons to external magnetic fields, which can lead to distortion of the focus, if the
field-magnitude is too high. Finally, extra-focal radiation can occur, which is due to
secondary emissions from tube parts outside the primary beam, producing a pedestal
superimposed on the primary focus image.
B. X-ray pre-filter
It is common practice to insert a filter in the X-ray path which attenuates the lower
part of the energy spectrum. It cuts off low-energy quanta which would be absorbed at
shallow depths of the patient’s tissue. These quanta would have a minor contribution
to the image-creation process anyway. The filter thickness must be carefully balanced
against undesired contrast loss and X-ray tube power loading.
C. Shutters
The X-ray shutters confine the X-ray radiation field to proportions suited for the medical imaging procedure. The field is at most limited to the boundaries of the detection
field, since it is prohibited to irradiate body parts, from which no information can be
retrieved. Secondly, reduction of the field within the detection area, confined to the
anatomical region of interest, is of major importance to further reduce the radiation
dose to the patient. This procedure can be aided by the use of auxiliary edge filters,
which can be positioned at will. Thirdly, the action of reducing the field to minimal
proportions, results in reduced scatter and improves the pre-sampling CNR. To as23
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sist in the positioning with respect to the patient anatomy, the irradiated field can be
displayed as an electronic overlay to the actual X-ray image. It should be noted that
shutters or edges are not allowed in the detection field if 3D-imaging is applied, since
the highly opaque parts would display as undesired artifacts in the reconstructed image.
D. Object
In healthcare imaging, we are interested in the shadow image of the anatomical parts
of interest. There are two ways to obtain a specific volume. First, the 3D imaging
modality is equipped with all the means to select a volume of interest in the reconstructed image, which optimally extracts that part. Second, the imaging sub-system is
aided by mechanical positioning systems to move the patient such that a specific area
is selected. Summarizing, the system user can select the volume of suitable position,
orientation, resolution and size afterwards in the 3D processing unit.
E. Anti-scatter grid
The object-induced scatter can be reduced by a grid containing source-directed lamellae, made of Pb. The oblique X-rays are attenuated by the dense material, whereas the
primary X-rays are transmitted through the medium in between the Pb lamellae. The
reduction in scatter comes at the expense of an insertion loss of the primary radiation.
F. Image gathering process
Essentially, this component converts the shadow image, or X-ray irradiation field into
a pixelated image. To this end, an X-ray-to-carrier conversion layer produces a large
number of optical photons or electrons per absorbed X-ray quantum. The photons are
detected by an array of photodiodes in close contact with the scintillator. The produced photo currents are amplified and AD converted afterwards so that a sampled
image in numerical form becomes available. It is also possible to generate electrons
which can be detected by charge-sensitive pixels.
To serve this process, a large number of X-ray detectors have been devised in the
course of time, of which three main types can be distinguished (Beutel [6]).
First, the indirect detector, wherein the quanta are producing light photons through
a scintillating layer. These photons are detected by a light-sensitive device. For the
corresponding detection stage in the imaging process, the photons must be able to escape the scintillator volume and be detected afterwards. Generally, this indirect X-ray
detection system consists of a scintillator, optical coupling means and a pixelated optical sensor. In medical imaging, employing primarily flat panel detectors, advantage
is taken of CsI:Tl, which is a material with an excellent conversion efficiency and a
good spectral match to the α-Si photodiode array. The material, being grown on a
suitable substrate, is structured in micro-columns, such that the generated photons are
wave-guided towards the photodiodes, thereby reducing the lateral spread. The materials for real-time indirect imaging, with frame rates ≥30 fr/s and confined to flat panel
detectors, are limited to scintillators such as CsI:Tl, since these compounds exhibit a
large photon-yield apart from other favorable attributes.
Instead of using a flat panel detector, in Image Intensified Detection, photon detec24
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tion is accomplished by a photo-cathode. The generated electron-charge distribution
is then electron-optically demagnified and produces an intensified photon image at the
exit phosphor of the vacuum tube. By an optical relay, the output screen is imaged
onto a suitable pixelated sensor, such as a CCD sensor. In between the two optical relay components, a controllable aperture regulates the irradiation on the sensor, thereby
optimally tuning the detector’s dynamic range.
A second type of indirect detector is constructed by optically projecting a demagnified image of a scintillating screen onto a CCD detector. Efficient large-aperture
optics with low-demagnifying factors should then be used to avoid a secondary quantum sink (Snoeren [24]). This notion refers to the effect of a reduction in Detective
Quantum Efficiency (DQE) by inadequate optical photon statistics, i.e. the detection
noise is corrupted by a second-stage noise source. Multiple units can be combined
to achieve sufficient efficiency. The sensitivity for fluoroscopy can be enhanced by
Electron Multiplying Charge Coupled Devices (EMCCDs). These devices are the
solid-state equivalent of the vacuum photomultiplier and incorporate a gain stage with
a minimal excess-noise factor. The acquired multiple image arrays are stitched to form
one large array by Image Processing (Slump [25]).
A third indirect type is formed by demagnifying fibre optic plates with a scintillator layer at the input, while a CCD or CMOS detector operates at the output. A
fourth and very common type is the indirect detector as depicted in Fig. 2.4. An array
of photodiodes fabricated in an amorphous silicon process (α-Si) is deposited on a
glass substrate. Every pixel is connected with its associated read-out lines and addressing lines by switching transistors. The generated charge can be accumulated on
a capacitor for each pixel and read out by a charge-sensitive amplifier at the far end
of a vertical read-out column. The voltages at the outputs are AD converted and the
digital pixel values are available for image handling. The α-Si layer is covered by the
scintillating layer. This layer is deposited on a substrate with reflection properties so
as to increase the optical collection efficiency. A typical electron image of the fine
structure of the scintillator is shown in Fig. 2.5. The fibre structure guides the generated photons to minimize lateral spread, thereby enhancing the pre-sampling MTF
and consequently the DQE. This type of detector is suited for low-dose fluoroscopy
and high-dose radiography by using a switchable sensitivity. Apart from α-Si arrays,
increasingly wafer-scale CMOS arrays are produced with excellent low-dose detection capabilities, which are also switchable to a high-dose mode. These arrays, being
almost seamlessly butted in for instance quadruples, can constitute large-area detectors.
Second, a direct detector is constructed by using a charge-generating conversion
layer, which acts as a photo conductor. The layer is usually made of Se or Pb and
produces electrons and holes upon absorbing an X-ray quantum. The electrons are
moved to the conduction band and migrate towards charge-sensitive elements, using a
high voltage. The elements, pixels, lie on a regularly-spaced grid. This type of detector is less suited for high frame rates, since its lag is relatively high. The MTF is very
high due to the limited lateral spread of the electrons. For high-sensitivity purposes,
avalanche multiplication can be applied.
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Figure 2.4: Lay-out of a flat detector.

Figure 2.5: Scanning Electron Microscope image of a CsI-columnar structure.

Third, a detector for Computed Radiography (CR) is based on charge, generated
by absorbed X-ray quanta, accumulated in traps and read out by a LASER-scanning
the device. The light generated by scanning, is stepwise collected by optical detectors,
which results in a pixelated radiography-only detector.
G. Image pre-processing
An optical source serves the trap-filling processes for hysteresis reduction in the photodiodes. A second process of optical illumination in particular, is treated in the chapter on light-assisted hysteresis reduction. Furthermore, this module contains digital
pre-processing for fixed-pattern noise reduction and removal of detector defects.
H. Image reconstruction (post)-processing
The acquired 2D images are processed in a number of steps, required for cone-beam
reconstruction imaging, according to the Feldkamp-filtered back-projection algorithm.
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Both pre- and post-processing steps are elaborated later in this chapter.
The following remaining steps are briefly mentioned for completion, but are not
further discussed in this chapter.
I. Image rendering and display processing
In this processing step, the 3D-reconstructed volume is made suitable for display and
generally uses ray-tracing techniques, thereby accommodating vision of the volume
in all directions and allowing cutting portions of the volume.
The previous enumeration of imaging components is extensive and shows that
multiple factors play a role in the imaging chain and the finally obtained IQ. From
these components, a few will have our attention, since they are highly influential,
particularly related to the work in this thesis. These components are the source, the
detector and the image post-processing. Besides these important components, there
are also influential factors from the outside of the system. Let us briefly discuss these
factors now.
The (external) environmental influences by vibrations and magnetic fields are included in the imaging process in the pre-detection part of the system and may result in
additional blurring in the imaging process. Generally, magnetic fields do not notably
act upon the high-energy electron beam contained in the X-ray source. However, there
may be high-field conditions, in which distortion is encountered. An oblique projection on the tungsten target may be shifted and the focal shape will assume a trapezoid
form. As a consequence, the image quality is deteriorated by a reduced modulation
transfer and additionally, the projected image is displaced. Fortunately, the high-field
conditions have no influence on the flat detector, as opposed to the formerly used Image Intensifier (II) detection sub-system. In the past, using the II detection, even the
earth magnetic field could rotate and S-distort the image. The early 3D systems, based
on the II detection, employed an extensive geometrical calibration process, in order to
cope with such conditions and the resulting effects.
The above-listed internal imaging components will be discussed now in detail in
how they affect IQ in 3D systems through their influence on the relevant IQ parameters.

2.2.2 Towards 3D systems
Rotating X-ray imaging systems were already reported in 1973 by Hounsfield [26] and
started the revolution on 3D X-ray imaging. Commonly referred to as Computed Tomography (CT), it evolved until now, also using C-arc interventional cardio-vascular
systems. Initially, it resulted in Image Intensified imagery (Rasche [7]), soon followed
by flat detectors. The angiography suite and the operating room became areas of a
CT-type of cone-beam imaging (Kak [8]) with the familiar C-arc. The inherently high
spatial resolution allowed an accurate visualization of vessels, including aneurysms
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and malformations. Soon the imaging of acute hemorrhage was enabled by an increased IQ of the reconstructions, resulting in a contrast resolution, bordering that of
conventional CT. A post-intervention check on the patient was then possible, without
transferring the patient to the conventional CT room. 3D Navigation, in overlay to
the fluoroscopy images, became feasible as well (Kalender [27]). The high resolution
also allowed an accurate assessment of stent positioning, even of the types with a high
X-ray translucency, such as Nitinol stents (See Chap. (6)). By adding the modality to
a C-arc based system, the applications proved to be numerous and new features are
still emerging at present.
3D Imaging starts with an acquisition of a large number of 2D projection images,
typically about 600, across an angular span of 180◦ expanded with the X-ray source
angle. For optimal imaging, the beam quality, patient dose and penetration, scatter (reduction), detector dose, noise transfer, contrast transfer and sharpness transfer, must
be carefully set. The role of the acquisition parameters in an IQ optimization process
will be comprehensively detailed in Subsection 2.4 and in Chap. 4 and Chap. 6.
The projections are input to a reconstruction algorithm for cone-beam imaging, according to Feldkamp et al. [28]. The images, produced by a flat detector, are backprojected into a 3D volume located at the system iso-center. The system geometry is
displayed in Fig. 2.6. Herein we find a source (S), an object (centered at the coordinate
system (x, y, z) with origin O) and a detector with its coordinate system (u, v). The
object coordinate system rotates, with the C-arc, around the z axis. A point (u0 , v0 )
on the detector is back-projected into a volume coordinate (x0 , y, z0 ). To achieve
the desired reconstruction, the following main processes are prerequisite in 3D image
processing systems (Kak [8], (Kalender [9]):
• Weighting. The 2D projections should be compensated for the back-projection
geometry along the lines emanating from a point source instead of a parallel
beam geometry. This requires a compensation of the cosine-dependence of the
radially decreasing intensity.
• Signal processing. The primary X-ray shadow image, incident on the detector, depends on the integrated spatial attenuation along the projection direction,
where the energy (E) dependence of the spectrum is taken into account. Later,
the contribution is part of a number of projections which will be added. Let us
first consider the processing for one direction. The attenuation obeys an exponential law and consequently, the logarithm of the attenuation function yields
the integrated linear attenuation coefficient. Eq (2.1) will, upon subtraction of
the scatter contribution S, turn into
∫
I
− ln( ) = µ(l, E)dl.
(2.2)
I0
This results in a density function of the matter, which is displayed after performing integration for each direction and weighted filtering with back-projection.
This processing also involves all the necessary corrections, e.g. scatter correction (which can be performed by e.g. de-convolution with the scatter impulse
28

2.2. X-ray imaging systems
response) and beam-hardening correction, resulting in a 3D density:
F (x, y, z) = µ(E).

(2.3)

This function is actually the linear-attenuation density function of the object.
Ideally, the X-ray spectrum should be monochromatic. In practice, the reconstruction will lose its integrity due to the finite width of the spectrum, resulting in an underestimation of tissue densities. This effect is known as beamhardening, which will alter the density function and appears as cupping1 effects,
even for a uniform density profile, due to the non-linearity of the line-integral.
Pre-filtering is helpful in this respect. It is of key importance to keep the initial
source spectrum at least constant throughout the acquisition of the imagingrun. In extreme cases, for highly opaque material, artifacts like streaks will be
produced, which may overcast the anatomy of interest. To deal with extremedensity changes like skull-to-tissue transitions, beam-hardening corrections are
required and applied to the projection data. Generally, the problem is solved by
using a priori information on the densities and a correction factor is applied to
the projection data (Yan [29]). For abdomen, the density of water can be taken
for µ(E). For the head, an average bone density must be used in combination
with water, which proves to be adequate by applying segmentation to the projection data and correcting this for both densities.
The same rationale applies to scatter, where the omission of a correction will
lead to an erroneous estimation and a similar cupping effect of the density µ.
A model-based analytical correction will significantly improve the IQ. In order to have a spatially invariant I0 , the input radiant-field distribution, should
be corrected by a flat-field calibration. The latter implies assessing the image
response on the un-attenuated output of the X-ray tube and dividing the actual
pixel values by that response.
The list of processing steps is continued below, supplemented with a number of
brief statements, to highlight specific aspects.
• Interpolation between the detector pixels is performed to achieve an accurate
back-projection into a voxel, following the geometry from Fig. 2.6.
• Low-pass filtering is applied to cut-off the high-spatial frequency spectrum beyond the voxel Nyquist frequency, in order to avoid unwanted HF noise components being transferred. Sub-Nyquist filtering can be applied, depending on
the application, thereby offering a trade-off between blur and noise.
• Ramp-filtering is employed to cancel the inherent blurring introduced by backprojection. This filter provides a linearly rising transfer up to the Nyquist frequency and is applied to the 2D projection data in the reconstruction planes.
• A voxel-size is established by dividing the desired reconstruction volume into
fractions. This may be a zoomed and panned volume. X-ray quanta are col1 This

is an intensity drop towards the center of the image.
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Figure 2.6: C-arc geometry and coordinate system.

lected within this (blurred) volume element. This defines the signal height, but
also the noise level.
• Summation of all the back-projected contributions in a voxel across the angular
span.
• A number of corrections are carried out, of which the dominant ones are Parkerweighting (later discussed), scatter-correction and beam-hardening correction.

2.3 Basic 2D/3D Image Quality Descriptors and their origin
Fig. 2.7 shows the various IQ descriptors in the pre-sampling and post-sampling domain: MTF (the sharpness descriptor S), Noise Power Spectrum (NPS) or signal standard deviation, Sdev (the noise descriptor N) and Contrast (the contrast descriptor C).
The figure also displays the key parameters expressed in their units, influencing the
pre-sampling descriptors: kV of the X-ray source for the contrast (C), mAs combined
with kV for the signal or dose, both influencing noise. Geometry, Focus size and
Movement (blur) influence the pre-sampling MTF before detection. The former factors can be subdivided in movement blur by system vibrations and movement blur for
off-axis objects by the uniform motion of the C-arc. The whole previous enumeration
defines the play-space on which the IQ performance description is based. The separate notions, including the derivatives, are described in the following subsections. The
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Figure 2.7: Main image quality descriptors and derivatives.

specific dependencies are treated in succeeding chapters on IQ modeling, verification
and application.

2.3.1 Sharpness
In the spatial domain we can define sharpness as the impulse-response of a (sub-)
system (Dainty and Shaw [30]). It describes the amount of blurring by a component
or system with a Dirac pulse as an input. The impulse response can be one-, two- or
three-dimensional. Assuming a linear system, its counterpart in the frequency domain
can be found by a Fourier transform, yielding the Optical Transfer Function (OTF):
+∞
∫
OT F =
g(x)e−j2πxfx dx,

(2.4)

−∞

wherein g(x) denotes a one-dimensional spread-function or Line Spread Function
(LSF) and fx stands for the spatial frequency. The complex Fourier transform yields
the Phase Transfer Function (PTF) and the Modulation Transfer Function (MTF).
They are specified by
P T F (fx ) = arg (OT F (fx )) ,
(2.5)
(

or
P T F (fx ) = arctan

Im (OT F (fx ))
Re (OT F (fx ))

)
,

(2.6)

and
M T F (fx ) = |OT F (fx )| ,

(2.7)
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√
Im2 (OT F (fx )) + Re2 (OT F (fx )).

(2.8)

These equations describe phase and magnitude as a function of the spatial frequency.
For a cascaded chain of components, the total OTF can be found by the product of the
OTFs of the separate components. For symmetrical Point Spread Functions (PSFs) or
Line Spread Functions (LSFs), being linear in phase, the response can be found by the
product of the separate MTFs. This latter notion is used throughout this modeling theory and assumes an on-axis assessment of systems, an assumption which is valid and
sufficient for FP-based detection with its virtually symmetrical LSF in two directions.
The same reasoning applies to the X-ray focus MTF. Where appropriate, a convolution of the separate LSFs can be carried out in the spatial domain. Should signal
non-linearity occur, then linearity is assumed for small signals, provided that signal
excursions on a background are relatively small. A particular example is found in the
logarithmic conversion used in 3D reconstruction. Although active off-axis only, we
can also apply the MTF concept to the arc-movement-induced blur, being symmetrical in the tangential direction. This blur originates in the projected object shift in the
detector integration time-slot.
For evaluation purposes, in a comparative way, the area of the MTF, called M T FA ,
can be taken as a Figure Of Merit (FOM):
f∫
max

M T FA =

M T F (fx ) dfx .

(2.9)

0

In this equation fmax denotes the Nyquist frequency, or the frequency for the first zero
in the modulation transfer function.
Yet another simple FOM is the limiting spatial resolution, which can be defined
as the maximum spatial frequency that can be resolved by a system. In fact it is an
intersection point on the MTF curve, where it crosses with a threshold modulation
curve, which is a continuously rising curve. The latter depends on the noise behavior
of the imaging chain and on the observer. For low-noise images, generally a 4% level
is assumed as the crossing level with the MTF.
A typical example for an MTF can be given for a camel-back shaped focus. An
inverted image of such a focus is given in Fig. 2.8. For the purpose of investigating the
influence of superimposed pulses (camel-back) on the edges of the LSF, we transform
the pulse shape in the direction perpendicular to the edges. This MTF is found by
the absolute value of the transformation of a rectangular pulse, whereupon two Dirac
pulses are superimposed at the edge positions. This function is subsequently blurred
by a Gaussian function and yields

−

M T Ff oc = e
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fx2

2
fx0

(k1 sin(πτ fx ) + k2 cos(πτ fx )) .

(2.10)
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Figure 2.8: Typical example of an X-ray-focus showing a camel-back shape. The grey values
are inverted. A cross-section in the vertical direction yields the camel-back profile.
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Figure 2.9: Normalized MTF for a focus with 0 % and 20 % camel-back energy.

By manipulating the constants k1 and k2 , the ratio between the rectangular pulse energy and the Dirac pulse energy can be set and the amount of edge blurring by varying
fx0 . A typical example is given in Fig. 2.9, where a loss of modulation is clearly
visible in the baseband. All the remaining relevant individual component MTFs will
be treated in the chapters on IQ modeling and simulation.

2.3.2 Contrast
Also the contrast origin and contrast transfer can be partitioned into two areas: (1)
the pre-sampling contrast, determined by the source and object spectral properties
and thickness and (2) the post-sampling contrast transfer, defined as any (non-linear)
mapping of the signal pixel values. A number of definitions can be found in literature.
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Here, we choose the following definition, which is based upon the detail value (the
difference between signal height and background height) divided by the background
height, giving
(
)
I0 2D − I1 2D
C2D =
.
(2.11)
I0 2D
For this definition, a simple expression is found for the conversion to 3D contrast: let
the background intensity be defined as
I0 2D = Ie−µ0 d0 ,

(2.12)

I1 2D = Ie−µ0 d0 +∆d ∆µ .

(2.13)

and the detail intensity by

Then, Eq. (2.11) can be rewritten to
(
)
I0 2D − I1 2D
= 1 − e∆d ∆µ ∼
= −∆d∆µ ≡ (∆d ∆µ)3D ,
I0 2D

(2.14)

with d0 the thickness referring to the background, µ0 the according density, I the input
intensity, ∆µ a small step in the linear attenuation coefficient and ∆d a detail step in
a background. The reader may have noticed that for a negative step in intensity, the
contrast hat a minus sign. For calculation purposes we will take the absolute value. In
the chapter on intrinsic IQ, this is referred to as αd, a fraction of the object dimension
in the projection direction.
For small signals, propagation from 2D to 3D follows the same differential gain
(logarithmic conversion for the line-integrals) as noise does. This property allows us
to predict the CNR with the 2D projection case as a starting point.

2.3.3 Noise
Noise can be evaluated in the spatial domain and in the frequency domain. For the
first notion we will use the standard deviation, commonly expressed as the square root
of the variance:
[
]
2
V ar(a) = Ex (a − µ) .
(2.15)
Herein a denotes the signal value (pixel value), Ex the expected value of the squared
difference between the signal value and the signal mean µ. The variance is commonly
expressed with σ 2 and consequently the standard deviation as σ. We define the noise
power spectrum in the Fourier domain, which is the Fourier transform of the autocorrelation function of the noise Raa (x) in the spatial domain:
Raa (x) = Ex [a(x)a(x − xi )] .

(2.16)

The correlation is the expectation value of the product of the signal value with itself
stepped in this case in the x-dimension for a stationary signal. This definition can
be extended to three dimensions, using the variables x, y and z. Another approach
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is taking the Fourier transform of the noise signal and calculate the product of the
Fourier transform and its conjugated counterpart, so the power spectrum P (fx , fy , fz )
becomes
P (fx , fy , fz ) = F (fx , fy , fz ) F ∗ (fx , fy , fz ),

(2.17)

with fx , fy , fz denoting the spatial frequencies for each coordinate.
Now we will define the system noise sources, which can be separated into dynamic noise sources and fixed-pattern noise sources, originating in the various system (sub)components. A further subdivision is found in additive, multiplicative and
signal-dependent noise sources. The fixed-pattern sources may be stable on the long
term and allow calibration by subtraction of the additive sources in non-illuminated
conditions, or by division of the multiplicative sources using an essentially flat irradiation field.
These temporally stationary fixed-pattern components must be removed to achieve
a maximum CNR. This is obtained by pre-processing in the detector. Gain and offset in the pixel response can vary in a random way, due to gain variations and offset variations. As these patterns are stationary, they can be removed by acquiring
averaged flat-field images and dark images. By subtracting the dark image values
from the actual image values and the flat-field images and subsequently dividing the
dark-corrected actuals by the dark-corrected flat-field values, the patterns are removed
(Schmidgunst [31]), leading to
acorr (u, v) = C

araw (u, v) − aof f set (u, v)
.
again (u, v) − aof f set (u, v)

(2.18)

Herein acorr (u, v) denotes the corrected image as a function of the detector coordinates u and v, araw (u, v) the unprocessed image, again (u, v) the flat-field image and
aof f set (u, v) the dark image. Parameter C represents a scaling constant. The dark
image can be scaled as a function of the measured temperature by using a temperature
map.
The X-ray anti-scatter grid is an example of a fixed-gain component, as the lamellae structure of the device gives rise to a varying transmission pattern. In the detector,
both the combination of a spatially varying scintillator sensitivity and a variation in
the quantum efficiency of the photodiode array, lead to a fixed random variation superimposed on a slowly varying sensitivity. All these variations can be calibrated,
including variations in the X-ray radiance pattern and lead to a flat response with a
minor remnant variation, which is sufficiently stable in time. An additive noise source
can be found in the photodiode dark-current generation, depending on the detector
integration time. Subtraction of this component leaves us with the integrated dynamic dark-current component as a residual. Fig. 2.10 shows the calibration regime
in light-grey. The history-dependent patterns, which decay in minutes up to months,
are gathered in the “Memory regime” and are extensively elucidated in the sections on
scintillation in this chapter and the chapter on photo-stimulated hysteresis reduction
(Chap. 3).
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As far as the dynamic noise sources are concerned, we discern the main noise
source in X-ray imaging, which is quantum-noise. This noise source has a Poissontype of Probability Density Function (pdf), it depends on the square root of the signal
and is white by nature. Coloring of the spatial noise power spectrum starts at the detector entrance interface. Coloring of the noise power spectrum in the depth of the
scintillator layer follows a different weighting (Rowlands [32]) than the modulation
transfer and obeys Schwartz’ inequality2 . This exactly occurs for the scintillator layer,
where detection takes place along an integration through the depth of the layer and
noise power is accumulated, while the continuously broadening spread function (Lubberts effect [33], Badano [34]) is accumulated in a linear fashion. This phenomenon
leads to a continuously decreasing DQE as a function of the spatial frequency (see
Sec. 2.3.6).
A second signal-dependent source is the shot noise on the detected photo-current
in the photodiodes. The additive random components are found in the detector readout noise, consisting of amplifier noise and reset noise (kT -noise upon resetting detector read-out nodes). A last additive dynamic noise component is the quantization
noise. All the additive noise sources may lead to a decrease in DQE for low-level
signals. Here we encounter the importance of a high gain at the first stage of the detection process: the number of generated photons in the scintillation layer must be
high, thereby causing the quantum noise to dominate with respect to the added noise.
This requirement emphasizes the importance of preserving the sensitivity, while taking any action to reduce memory effects.
In our model, all the dynamic noise sources are taken into account by their specific
point of injection in the cascade of imaging components and all the involved gain
factors in between. The visibility of the noise sources in the image depends on the
character of the patterns and correlated textures, like rings, which are perceived easily.
Generally, for an application with low-detail contrasts, such as encountered in neuroradiology, undesirable modulations must be smaller than 0.3 % in order to perceptually
vanish in the regular X-ray noise acceptable for that application.

2.3.4 Contrast to Noise Ratio
Defining detail signals as the signal differences I1 with respect to a background I0 ,
we define contrast C as:
C=

I0 − I1
.
I0

(2.19)

For the Contrast-to-Noise Ratio, the SN R is in relation to the background signal, so
that
SN R =
2 This

36

I0
,
σ

(2.20)

inequality states that the square of the sum is larger than or equal to the sum of the squares.
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Figure 2.10: Division of noise sources and their origin in the imaging sub-system.

and the CN R for the difference (detail) signal becomes
I0 − I1
.
(2.21)
σ
This is the definition used throughout this thesis and is intuitively attractive, since
relevant medical information is superimposed on a background as an absorption difference. The contrast per detail step is defined in 3D according to Sec. 2.3.2 and the
CNR transforms into:
CN R =

CN R3D =

∆µ
.
σvoxel

(2.22)
37

2. S YSTEMS ,

FUNDAMENTALS OF

IQ

AND SCINTILLATION

2.3.5 C-delta perception parameter
This descriptor is actually a perception variable. It is widely used in 2D and 3D
imaging for IQ assessment. It makes use of a phantom wherein contrast material is
inserted of varying diameters and density with respect to the phantom background
material. The observer assesses the minimum detail size for a given contrast. From
these observations, a graph can be constructed with minimum perceived contrast as a
function of detail size and with dose as a parameter. The closer the curve lies to the
origin, the better the system performs.

2.3.6 Detective Quantum Efficiency (DQE)
The Detective Quantum Efficiency (DQE) can be regarded as a merit function for the
detection of signals in the presence of noise (Dainty and Shaw [30]). It describes the
deterioration of the SNR from input to output of the detection system. The detector
input SNR for a given sample aperture A is defined by Poisson statistics, a distribution
which is invariant upon attenuation following the primary source:
Nok e−No
.
(2.23)
k!
Here, parameter Pk is the probability that in a given interval k photons are emitted
with a mean of No . Writing q = N0 /A and with a mean equal to the variance and the
spectrum being white in origin, we obtain
Pk =

q
SN Rin = √ ,
q

(2.24)

SN Rin 2 = q,

(2.25)

where q denotes the quantum (photon) density in the aperture. The output SN Rout 2
can be defined accordingly and is indicative for the loss of SN R upon detection:
SN Rout 2 = N EQ.

(2.26)

Herein N EQ stands for the Noise Equivalent Quanta (density), which is lower than
the input density and this yields the efficiency of the detector to detect quanta:
N EQ
.
(2.27)
q
The actual effective number of quanta to form the signal is lowered, due to non-ideal
detection. This expression can be extended to include spatial frequencies, giving
DQE =

S 2 M T F 2 (f )
G2 M T F 2 (f ) q
=
,
(2.28)
N P S(f )
q N P S(f )
wherein G denotes the detector gain and S the detector output signal. The first part of
the expression can be generalized using 2D coordinates, to:
DQE(f ) =

DQE(fu , fv ) = M T F 2 (fu , fv )
38

N P Sin (fu , fv )
,
N P Sout (fu , fv )

(2.29)

2.4. Image Quality at a system level: 2D-3D
with fu , fv denoting the detector-related spatial frequencies.
The noise power spectra N P Sin (f ) and N P Sout (f ) are in this case linear units
expressed in exposure quanta per unit area, where the gain G from Equation 2.28 is
incorporated within the conversion into these units. For the MTF, the pre-sampling
MTF is taken [35]. The DQE can be determined by using standard conditions (Granfors [36]). As a conclusion of this analysis, these conditions are listed below:
• Standard spectrum of the source,
• Standard geometry
So that the following measurements can be carried out.
• Measurement of air kerma at thedetector surface (air kerma is the dose expressed in the unit Gray)
• Determination of quanta per area from air kerma,
• Measurement of the characteristic function of the detector (the characteristic
function is the contrast transfer function of the detector),
• Measurement of MTF,
• Measurement of NPS.

2.4 Image Quality at a system level: 2D-3D
In general, a received waveform in the art of imaging can be expressed as an extension
of the Van Trees’ [37] notation, by including signal-dependent stochastic components
and deterministic components (fixed-pattern components), as encountered in X-ray
imaging. The received waveform becomes then
r(t) = s(t, M )(1 + nm (t, M ) + ns (t, M )) + na (t).

(2.30)

Herein, s(t, M ) denotes a vector signal to be estimated in the presence of noise:
nm (t, M ) a multiplicative noise component, consisting of a time-invariant part and
a slowly time-varying part. Parameter ns (t, M ) denotes a signal-dependent random
noise component governed by Poisson statistics. Likewise, na (t) relates to an additive noise component, which can be deterministic (fixed-pattern noise at the detection
stage including a time-invariant part and a slowly time-varying part), or random (detector read-out noise, including quantization noise) by nature. The component of interest, s(t, M ), needs to be maximized and the second/third noise component should
be minimized. Calibration of gain and off-set will reduce the deterministic fixed components to a large extent, which is an inalienable procedure if noise remnants of this
type should be negligible. The spatio-temporal varying noise component must be minimized with respect to the signal by proper choices of the component transfer systems.
The linear systems approach supports this endeavor which delivers an optimum signal
input to the post-detection stages in the imaging process: the image post-processing
and the image enhancement. Linear systems theory also supplies a fundament to the
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description of signal, noise, contrast and sharpness propagation with dose(rate) as a
parameter.
We will limit ourselves to an optimized image acquisition with an approach that
touches the use of axioms of information theory, wherein the Shannon number on
information is closely related to DQE (Dainty and Shaw [30]). The DQE notion in
this case, would be defined as an effective DQE transposed to the patient position and
yields the performance of a system in transferring spatial information. In our treatment, we maximize the C/N ratio, while keeping sharpness (modulation transfer) at
appropriate levels. This complies with Shannon’s theory transposed to the spatial domain, which models information as the outcome of the ratio between power spectrum
and noise spectrum, leading to
fN y
fN x ∫
∫

C0 =
−fN x −fN y

(
)
P (fx , fy
log2 1 +
dfx dfy .
N (fx , fy

(2.31)

In this equation, the information capacity C0 is expressed in the signal power (P (fx , fy )
to noise (N (fx , fy ) ratio and integrated up to the spatial Nyquist frequencies in the
x and y directions. The signal power is thought of as a power with zero DC component and complies with Shannon’s assumptions and thereby this ratio is equal to
the CNR. Another assumption is that the signal and the noise are considered to be
Gaussian distributed while the noise is independent of the signal. This assumption
is not true for the Poisson distribution that describes X-ray noise. It has been shown
(Papalazarou [38]) that a suitable information-preserving transformation, can create a
signal-independent noise spectrum by taking the square root of the pixel value.
We use the definition of the pre-sampling (physics domain) and the post-sampling
(algorithmic domain) to describe the whole imaging chain in numerical terms. The
intrinsic image quality, i.e. the quality upon proper calibration of the system, is combined with the deteriorated image quality. The latter is subdivided into environmental
effects, such as system-bound deterioration resulting from vibration/rotation blurring
and external magnetic fields. Correlated artifacts, notably rings caused by hysteresis, are not incorporated in the IQ model and are assumed to be removed by proper
measures in the detector. The removal of hysteresis forms a significant part of this
thesis and will be discussed in Chap. 3. Small-signal ring remnants can be removed
by proper post-processing in the reconstructed volume matrix.
We model 3D IQ at a system level along the component axis (see Fig. 2.2). The 2D
IQ/PD model, extensively described by Kroon [10], is constructed in the pre-sampling
or physics domain and in the post-sampling domain. The former involves components
which do not integrate noise, apart from the detector aperture and as such reduce the
effective 2D DQE by blur. The algorithmic components for 3D reconstruction filter
the noise, as its magnitude depends on bandwidth. Optimizing IQ relying on linear
systems, is then based upon reducing (1) blur in the physics domain and (2) noise
in the algorithmic domain, without too much affecting the clinical frequency-band of
interest. Simulation, design and verification for image quality takes into account the
pre-sampling information transfer, the post-sampling transfer and the patient-absorbed
dose. An overall detailed optimization rationale for optimal information transfer, us40
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ing an application example, is discussed in Chap. 6. It matches the intrinsic IQ-related
transfer functions for optimal sharpness transfer while taking noise transfer into account, all balanced against patient-absorbed dose. The latter is directly related to the
beam quality, which in its turn determines the primary contrast. An optimization for
sharpness involves further the matching of the focal size to the pixel size both defined
in the object plane. This fact is well established and for enlarged geometric projections
it pre-determines an optimal use of the X-ray source loading, i.e. the current-time
product expressed in mAs, the tuve voltage expressed in kV and pre-filtering. The
general notion in the optimization process is that matching the component parameters
is always back-driven by a penalty. An example of such a penalty is the size of the
native reconstruction volume. Here, detector zooming is advantageous in order to use
the native pixel size, if high-resolution imaging is required, but comes at the expense
of a reduced field of view.
Yet another rationale involves the matching of the projected image latitude to the
dynamic range of the detector. The dynamic range being defined as the distance between the noise floor and the maximum linear output signal, should be used such that
the average signal delivers a sufficient SNR, or rather CNR. The remaining dynamic
range above the average signal should be large enough to accommodate a linear signal
transfer of the un-attenuated radiation. The latter is required in case of high attenuation transitions, whereby also soft tissue should remain visible. This requirement
influences the settings of the detector as gain and noise are concerned. It goes without
saying that the associated ADC electronics must comply with the detector dynamic
range, thereby avoiding quantization distortion. A remark should be made about geometric fidelity. Even in case of Image Intensified imaging, with its high geometric
distortion, a high geometric fidelity of 1% can be achieved upon calibration (Bridcut [39]). For the Flat Detector (FD), this fidelity is even better which is entirely due
to its distortion-less imaging capability. Finally, deterioration due to vibrations and
magnetic fields is extensively discussed in Chap. 5.
Let us now list the specific component-associated MTFs that determine IQ in terms
of sharpness transfer and noise transfer, starting with the pre-sampling domain. Apart
from the focus MTF, the specific functions will be extensively described in the relevant
chapters. 3D-RX imaging is based on a series of 2D images acquired during the rotation of the X-ray stand and 3D reconstruction afterwards. The MTF of the 2D images
forms the starting point of the 3D-RX sharpness definition. We extend the existing
model parts for focal spot blur, motion blur and detector blur with a number of new
model-processes for 3D-RX MTF calculation, as will be detailed in Chap. 4, Chap. 5
and Chap. 6. These model parts are listed below and briefly discussed individually.
• Focal spot MTF. An example of a spatial distribution is given in Fig. 2.8. The
(inverted) image shows the typical camel-back shape. The cathode construction
is such that the electron current density at the edges is larger than in the center.
The implication for the MTF is shown in Fig. 2.9. Energy is transferred from
the baseband to the lobes beyond the first zero. The modulation in the baseband is thus lowered. This effect increases with increasing current density. For
simulation purposes, an effective size is chosen, such that the frequency band
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of interest is approximated by a sinc function, being the Fourier transform of
a rectangular pulse. Magnetic fields may induce focal distortion, the qualitative effect implies a focal shift and a focal blur, which can be quantitatively
described by sinc functions. The quantum noise transfer is not affected by this
function, since the aperture is not a quantum gathering aperture.
• Detail motion MTF. The uniform motion of the C-arc will blur the detail by
displacement while acquiring an image. This acts on an off-axis detail. The
integration time needed for a detector to acquire an image, combined with a
uniform angular velocity, yields a rectangular spread function and consequently
a sinc function in the spatial frequency domain.
• Image blur due to arc vibration. Vibration-induced effects play a role adding to
the already existing uniform C-arc movement effects during acquisition. Also
the quantum noise is not affected for the same reason as is valid for the focal
spot MTF.
• Image gathering MTF. Determined by the scintillator MTF and the pixel-aperture
MTF, the combined apertures integrate quanta and consequently determine the
amount of quantum noise as well as the signal height.
• Reconstruction MTF. The collection of the interpolation MTF, ramp-filter, LPfilter and voxel-aperture MTF constitutes the total reconstruction MTF, where
the ramp filter exactly equalizes the inherent back-projection blurring. All these
components influence sharpness and noise transfer, i.e. an increasing bandwidth
results in an increased sharpness combined with an increased signal noise.
Another enumeration applies to contrast transfer.
• Pre-sampling contrast. This contrast is determined by the spectral distribution
of the source, the spectral response of the detector and the tissue properties.
• Post-sampling contrast. In this domain, the contrast transfer is governed by the
detector and the specific processing steps thereafter, including the logarithmic
conversion of the signal.

2.5 Image Quality artifacts
Apart from random 2D noise, particular artifacts affect the IQ. Their appearance is associated with 2D acquisition and 3D reconstruction. A possible removal is mentioned
for each case indicated in the following (qualitative) list.
A. Angular over-scanning effects
The necessity of over-scanning the object beyond the minimally required rotation of
180 degrees , i.e. the fan angle of the source should be added, requires a removal of
redundancy in the data. When not removed, overlapping of projections would result
in streak artifacts, since the densities in these regions would be encountered twice.
Solution for redundancy removal. In the overlapping regions, the redundancy can be
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removed by proper weighting of the projected contributions. As a result, the discontinuity is equalized and the artifacts are removed (Parker [40]).
B. Sampling and alias
Signal power beyond the Nyquist frequency will be folded back into the baseband.
This process is encountered in the projected images in the first place and should be
properly balanced against the desired system MTF, thereby maximizing the Signal-toAlias power Ratio. For high-resolution systems, this implies that the native pixel size
should be used. Secondly, view aliasing in 3D reconstructions must be avoided. A sufficient number of 2D images must be acquired to avoid angular under-sampling. Again
streaks and Moiré effects would be superimposed on the band-limited reconstructions
(Kak [8]). Roughly, the number of projections should be equal to the number of effective pixels in the projections. This requirement is added to the necessity of acquiring
images at 2D resolutions roughly equal to the desired voxel resolutions. Summarizing, for an N × N voxels reconstruction slice, we need roughly N projections of N
effective pixels. Or the other way around, we can perform a zoomed reconstruction
with a zoom-factor such that the product of the cube size and the zoom-factor equals
N.
Solution for alias removal. A partial removal of view aliasing can be accomplished
by post-processing: a second pass with interpolated views, reduces the aliased signal
and noise power.
C. Beam hardening and metal artifacts
An X-ray Computed Tomography (CT) image including metallic objects suffers from
annoying metal artifacts such as shades and streaks. The artifacts stem from a corrupted line integral if a highly dense material is encountered. The line integral loses
its integrity and since its value approaches zero, the displayed reconstruction shows a
bright radiant pattern emanating from the dense object.
Solution for metal artifacts reduction. Artifacts due to highly attenuating parts in the
reconstruction area can be reduced by applying a second-pass algorithm. In an example of such an algorithm, we first reconstruct a CT image from the original projection
data. Then the highly attenuating object regions are removed and replaced by the
adjacent value of soft tissue. Upon smoothing sharp transitions only, the volume is reprojected. Still, remaining shading artifacts are found, which are mainly concentrated
in overlapping regions of metal-traces in the re-projection data. To remove them, the
overlapping region is interpolated with intensity values of its boundary pixels. Then
all metal-trace regions are replaced in the original projection data with the processed
re-projection data. The completed projection data are then used for the reconstruction
of the final image (Jeong [41]).
D. Truncation
Truncation occurs when the object is not totally embraced by the cone beam for all
projections. In that case, an incomplete reconstruction is encountered, since for some
projections, the line integrals cannot be properly performed. Shading (cupping) results as an artifact.
Solution for truncation reduction. A typical strategy to improve the IQ is the linear
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extrapolation of the projections up to a uniform elliptical anatomical shape approaching the patient size.
E. Ring artifacts
In flat-detector CT, local gain and off-set differences may cause concentric ring artifacts. As the detector moves along its semi-circular path, local gain- and offsetvariations will manifest as rings, since these variations are reconstructed as constant
grey values across the projections. Particularly transitions in the irradiation field by
prolonged collimated small-field imaging, will produce gain variations due to hysteresis effects (see Fig. 1.2).
Solution for ring artifacts removal. In flat-detector CT, rings induced by local gain
and off-set differences may be removed by post-processing (Sijbers [42], Prell [43]).
The removal or reduction of these artifacts becomes a necessity when their modulation approaches that of detectable details and the removal starts with a proper gainand off-set calibration of the detector sub-system. This process is insufficient, due
to drift or a non-linear response caused by beam-hardening effects, so that it must
be followed by post-processing of the reconstructed images. Filtering of the reconstructed image in different geometric planes is the key solution. While a first method
operates in Cartesian coordinates, a second method performs a transformation to polar coordinates. Both post-processing methods efficiently reduce ring artifacts in the
reconstructed images and improve image quality. The transformation to polar coordinates turned out to be a necessary step for efficient ring-artifact correction, since
correction in Cartesian coordinates suffers from spurious artifacts as well as insufficient correction of artifacts close to the center of rotation. The gross imprinted patterns
due to memory effects, must be annihilated first by physical means, as described in
Chap. 3, since these patterns exhibit contrast values an order of magnitude larger than
the detection limit. Without this preliminary step, the necessary aggressiveness of the
correction algorithm would unavoidably destroy anatomical detail.
F. Lag
The temporal changes in off-set due to lag or afterglow will manifest as tangential
comet-like patterns in the direction opposite to the movement of the C-arc. This
evanescent pattern originates in the reduced additive response of a transition as time
elapses during acquisition. Concurrently, a weak streak-type artifact exists in the radial direction. This pattern can be explained by the loss of reconstruction integrity,
due to the false acquired patterns in the tangential direction. The patterns will depend
on the magnitude of the density changes. The deterioration will be aggravated for
increasingly high densities.
Solution for lag artifacts removal. If the temporal behavior is known, the lag patterns
may be removed by processing of the 2D images (Schmidgunst [31]). The superposition of all the significant contributions through time on the actual image can be
removed by weighted subtraction of former images. This process requires detailed
knowledge of the lag response, wherein stability is not to be taken for granted. For
small required contrast resolutions, down to 1 HU, the “cure may be worse than the
disease”. Again, it would be advantageous to attack the problem at the root and remove the patterns beforehand, by improving the scintillator material. Particularly, at
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higher frame rates the artifact may be unacceptable.
A reduction of the detrimental memory effects, is realized by proper application
of UV light, combined with suitable additives in the scintillation layer, as will be
elucidated in Chap. 3. The remainder of this chapter provides a useful technical introduction to the scintillation processes involved.

2.6 Principal scintillation characteristics
Luminescence is a property that is related to the difference between electronic states
of an ion: an excited state and a ground state. If we take the surroundings of a luminescent center into account, both states can be influenced and perturbation plays a
dominant role in all the scintillation processes for a CsI:Tl crystal. The pure intrinsically responsive CsI crystal is hardly efficient in producing luminescence. If it were
not for a proper activator like Tl, an efficient conversion would not exist. Only weakly
coupled unperturbed electron-hole (e-h) pairs would then contribute to the photon
production. Lattice point defects like vacancies and interstitials, play a crucial role in
enhancing the light yield. An efficient scintillator exists by virtue of imperfections,
where a major role is played by an interaction between activators in various electronic
states and their surroundings.
A problem is encountered though, when at the same time imperfections may impart losses, resulting in dissipation or delayed contributions which induce afterglow.
The latter effect is a companion to the hysteresis effect. Depending on the type of
the defects in the crystal, specific centers act as electron scavengers located in anion
vacancies: electron-centers, formerly denoted as F-centers (German: “Farbe”) now
called color-centers. These centers cause a heavily varying spectral density for the
optical transmission. In fact, the centers are deep traps, bonding carriers which are
(temporarily) excluded from the scintillation process. Deep traps may catch electrons
or holes and will produce a delayed luminescence or a non-radiative recombination afterwards. The latter phenomenon can be used to suppress afterglow. Cation vacancies
(V centers), interstitial anion atoms (H centers) or ions (I centers) form hole traps as
a counterpart. An important pair is constituted by F-H combinations (called Frenkel
pairs), originating in excitons, since these have a dominant role in trap-formation. Another effect is introduced by parasitic impurities like OH− and CO2−
3 , which reduce
the light production by an increase of the color-centers. Finally, a group is formed by
co-dopants like Na+ , Pb2+ , Eu2+ and Sm2+ , which may reduce the effect of colorcenters by forming either an electron barrier (Na), an electron donor (a solution in this
study), or an auxiliary electron-trap scavenger (Eu, Sm, see Bartram [22]).
The principal scintillation characteristics are as follows.
A. X-ray stopping power
The gamma-quantum density and atomic weight determine the probability of a complete quantum absorption and as such, govern the first step in the Signal-to-Noise ratio
quantification, the DQE. The interaction depends on the electron density and the absorption electron cross-section (probability of interaction). Up to 0.2 MeV, the leading
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effect is the photo-electric effect and the linear absorption coefficient µ depends on the
atomic weight Z by Z 4 (Rodnyi [4]). A large energy dependence exists: a linear decrease of log(µ) until the k-edge, where a steep increase occurs, due to exceeding the
binding energy of the k-shell electron. The maximum of generated e-h pairs upon
absorption of a gamma-quantum is determined by the energy of the impinging X-ray
photons and the band-gap of the material, resulting in
Ne−h =

Eγ
.
αEg

(2.32)

Herein, Eγ denotes the photon energy, α a material parameter, which generally has a
value of 2.5 for ionic crystals and Eg denotes the band-gap, being 6.2 eV for CsI. This
expression determines the maximum conversion efficiency for CsI which is around
100,000 (e-h) / MeV. For CsI:Tl, approximately 65,000 photons / MeV are produced
by an efficient carrier transport and excitation of luminescence centers, which is one
of the highest yields among the known inorganic scintillators (relatively low thermal
loss by phonon production). Recently even more efficient scintillators are under investigation: Ba2 CsI5 :Eu2+ , which yields a conversion of 97,000 photons / MeV (BourretCourchesne [44]), or SrI2 :Eu with more than 110,000 photons / MeV.
B. Overall efficiency of X-ray-to-light conversion and light yield
The overall efficiency can be determined in three consecutive steps with their efficiencies: (1) the conversion of a high-energy photon into an avalanche of electron-hole
pairs (β), followed by (2) the transport of the thermalized (thermally relaxed) carriers (S) and finally, (3) the radiative de-excitation at the emission centers (Q). The
resulting overall efficiency is given by
η = β S Q.

(2.33)

This overall expression yields about 700 electrons per absorbed quantum for CsI:Tl in
the spectral range used for 3D cone-beam imaging. In this figure, the optical collection efficiency from scintillator to photodiode and the photodiode quantum efficiency
is taken into account.
C. Temperature stability
The yield of inorganic alkali-halide scintillators tends to have a large temperature dependence. For higher temperatures, traps will loose their content earlier and the light
yield increases. This positive effect is countered by thermal quenching (see: Sec. 2.8).
The net effect yields an optimal temperature for light emission.
D. Optical properties
A high transmission is required for the emitting spectrum. This requires a larger
band-gap than the spectral emission energy. In principle this limits the light output
for pure crystals, since then fewer photons are created. Activated crystals solve this
limitation by creation of intermediate levels in the band-gap. The transmission is preserved at a high level, if it were not for coloration (trap creation). Refraction reduces
the output for a scintillator compound by giving Fresnel losses. An index matching
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medium between scintillator and detecting photodiodes will reduce the Fresnel reflections. Further, a good match is required between emission spectra and the photodiode
spectral responsivity.
E. Radiation hardness
The radiation hardness of the material can be divided into two regimes. At moderate
doses, color-centers are responsible for transfer losses by capturing electrons. An effect that can be reversible in time and by a temperature increase and in some cases
by UV irradiation. The latter has not been reported for CsI:Tl (Woody [45]), instead
the opposite may be true (Yacovlev [46]). A second effect can be a lasting one, such
that at high doses (> 105 Gy) the crystal structure is destroyed and the lattice disorder
may not be recovered in time. Blocking of energy transfer takes place by affecting
the Vk diffusion proces and electron capture by extremely deep traps (Hamada [47]).
For medical imaging, this cumulative irradiation level will not be encountered. The
addition of co-dopants may reduce these phenomena.
F. Chemical stability
Hygroscopic effects are a main concern for CsI compounds. Na-doted crystals are
extremely vulnerable to moisture. Tl-doted crystals are less sensitive than Na-doted
crystals, but still need be protected by an organic optically-transparent thin layer such
as Parylene.
G. Mechanical stability
This characteristic is an evident requirement.
H. Homogeneity
The homogeneity of a thin layer for medical imaging will directly influence the spatial variation of the sensitivity. The homogeneity of the activator distribution may also
influence the DQE. For low-contrast imaging, such as for (cone-beam) CT, gain variations as low as 0.1 % may be visible as ring-shaped artifacts. Columnar thin films
cannot be produced with this level of homogeneity, so that calibration of the spatial
response is a bare necessity.
I. Large-area fabrication possibility
Current detectors have an area of 30×40 cm, which must be producible at large quantities.
J. Proportionality and energy resolution
This aspect is not relevant for a photon-integrating detector as used for medical imaging. For photon-counting applications, where energy resolution is a key feature, counting with a sufficiently linear energy-scale is important.
Summarizing, for Image Quality, the majority of the above-mentioned items play a
crucial role: stopping power, light yield, optical properties and homogeneity influence
the DQE directly. Of these factors, the stopping power is by far the most important
aspect, since it is the first fundamental stage in the detection process. The radiation
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hardness influences the hysteresis effects, as trapping plays a dominant role here.

2.7 Scintillation materials for medical imaging
The high requirement on light yield for fluoroscopic and fluorographic medical imaging with FP detectors (high DQE), limits the choice to inorganic materials. For the
scintillator application, the intrinsic materials like CsI, were already introduced in
1948 by Hofstadter [48], in 1950 followed by activated crystals (Hofstadter [49]). The
scintillators used for CT are limited to ceramic materials (like Gadolinium Oxysulfide (GOS)) with their fast temporal response, but are not suitable for high-resolution
large-area detection. Neither suited are Positron Emission Tomography (PET) scintillators (like Bismuth Germanate (BGO) nor Lead Tungstate (PWO)) with their blue
spectral emission and low photon yield (Nikl [20]). Spatially resolved imaging on a
sub-millimeter scale calls for thin layers, around 500 µm, as opposed to detection in
high photon-energy systems. The ability of the properly oriented crystal structure of
CsI to grow in columns on substrates, makes it particularly suitable for high-resolution
imaging. Since the columns act as fibres, wherein light is largely confined by total internal reflection, the lateral spread is limited and the layer MTF may be high in the
spatial frequency range of interest. For low-noise imaging, a high stopping power is
needed in the range of interest, i.e. up to 150 kV for general medical imaging, so a
high density and high z (atomic weight) material would be preferable. In this range,
the lower part is cut-off by filters in order to reduce the patient-absorbed dose. For
our application, which extends from fluoroscopy to C-arc 3D reconstruction, it involves the range of 50-120 kV. With all parameters optimized, including the spectral
match with the photodiode response (peak emission and peak sensitivity coincide),
the choice of CsI:Tl seems obvious. A Na-activated CsI layer emits at 420 nm, resulting in a poor match for photodiode detection and a good match for photocathode
detection, as used for image-intensifier systems only (van Eijk [50]).
The above discussion clarifies that CsI:Tl is an obvious choice in the medical
application for cardio-vascular systems. The material offers a high DQE in the kV
range of interest, paired with a high MTF through its columnar structure. In the next
section, we discuss the group of doped alkali-halide crystals, of which CsI:Tl is a
member.

2.8 Scintillation mechanism for doped alkali-halide crystals
2.8.1 Process stages for alkali halide crystals
The following process stages for scintillation can be observed (Weber [51], Nikl [3],
Rodnyi [4], Lecoq [5]).
1. Absorption of the ionizing radiation and the creation of primary electrons and
holes.
2. Relaxation of the carriers, with the production of numerous secondary electrons,
holes, photons and plasmons (a collective oscillation of an electron density).
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3. Thermalization of the low-energy secondary carriers, resulting in e-h pairs with
roughly the energy of the band-gap.
4. Energy transfer to the luminescence centers with their energy levels in the forbidden energy gap and their excitation.
5. Energy loss by transfer to phonons: atoms show a collective excitation of the
elastic arrangement of the crystal (vibrations), causing dissipation of heat.
6. Energy storage: energy is temporarily stored in traps and will be slowly released
to engage in interactions, yielding delayed optical energy, commonly referred
to as afterglow. In all the interactions, energy may also be lost by dissipation.
7. Optical emission from the luminescence centers.
8. Optical energy absorption: a fraction of the produced optical energy is lost by
absorption. Energy may be lost also by scattering at inclusions, gas bubbles and
voids.
In the scintillation process, intrinsic and extrinsic luminescence can be discerned.
Intrinsic luminescence refers to the process limited to the host crystal, where selftrapped excitons will generate light in the UV range and may be fast in emission, but
slow in transfer. They represent a small fraction of the possible total output. Extrinsic
luminescence uses activator ions which enhance the light generation capability by
a local two-way interaction of self-trapped holes and the activator. Typically, the
activator ion first captures a hole and then the charged center quickly captures an
electron to create a trapped exciton that radiatively decays, thereby returning the center
to its original ground state.
This mechanism places several requirements on both the activator ion and the host
lattice. These include (1) high electron and hole mobilities, (2) a stable n+1 charge
state (large hole-trapping cross-section for higher oxidation states), (3) an unstable n-1
charge state to minimize electron trapping, and (4) little competition for hole trapping
from impurities (Melcher [52]). Intrinsic luminescence, extrinsic luminescence, trapping and afterglow form the basis of the scintillation mechanism. In the mechanism,
direct e-h energy transfer to the activator and excitonic energy transfer takes place,
with a dominant role for the latter. Fig. 2.11 shows the generic representation of the
process. The left part displays the generation of multiple e-h pairs, which thermalize
towards the band edges. Relaxed carriers may be stored into shallow traps and release
their energy delayed or directly invoke luminescence. A larger part (than trapping) is
involved in the exciton interaction with the luminescence center. The right part shows
the energy transitions on an atomic scale: a mean distance between the luminescence
center and the surrounding ions. The two parabolas represent the potential energies of
the ground and excited states. The states depend on the vibrational modes of the surroundings and assume discrete levels, sketched as horizontal lines. Depending on the
electron-phonon interaction, the minima will be separated along the coordinate axis,
which will result in a shift between emission and absorption bands of the luminescence center, the so-called Stokes-shift. Following the Franck-Condon [53] principle,
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Figure 2.11: Generic band-diagram and an energy versus configuration coordinate diagram.

the interaction of the centers with the vibrational modes determines the average number of vibrations emitted after the optical transition between excited and ground states,
expressed by the Huang-Rhys factor [54]. This is the coupling factor in the electronphonon interaction. It should be noted that crossing of the parabolas (Q) results in a
non-radiative transfer. This effect is called thermal quenching. A large Stokes-shift
will result in a non-radiative energy transfer at low temperatures.
The performance of scintillators in terms of time-dependence is described by the
luminescence decay, which is generally a multi-exponential function, following the
X-ray pulse. Superimposed on this decay we find afterglow, or the delayed interaction
following the release of carriers from traps. The total effect is described by a set of
rate equations, fueled by the concentration of conduction electrons, trapped electrons
at various levels, valence holes, traveling holes (Vk -centers), trapped holes at various
levels, mobile excitons, excited activators of various nature (co-doping) and finally
temperature (thermal carrier liberation). All in all, during the stage of transport of
electrons and holes, large distances in terms of lattice constants must be traveled.
Slow luminescent decay-processes by emptying traps will be encountered that follow
first-order equations, giving
dn/dt = −αn,

(2.34)

wherein n denotes a trap-population density and α the temperature dependency, which
is specified by
α = s exp(−E/kT ),

(2.35)

with s = 2.9 × 109 s−1 and E the trapping energy (Eppler [55]). Non-radiative decay
at defect sites is involved as well (Nikl [20]). These equations describe a part of a
complicated process, which is highly dependent on the state of the material and will
hardly allow for accurate modeling.
50

2.8. Scintillation mechanism for doped alkali-halide crystals

2.8.2 Luminescence model for CsI:Tl
Nagirnyi et al. [56] arrived at a model that is largely dominated by exciton-based
emission. A key role is played by Self-Trapped-Exciton (STE) centers in alkali-halide
host crystals, where the hole is shared with two adjacent halogen anions (forming an
“ion molecule”) along the 110 axis. These so-called Vk -centers are only stable at low
temperatures and should not be interpreted as vacancies. At room temperature, they
will hop through the crystal by thermal activation. Localized and perturbed by Tl+
ions (VkA (Tl+ )), they will capture conduction-band electrons to form STEs. When
highly excited, they will invoke emission by recombination in two emission bands,
centered about 550 nm and 485 nm (2.25 eV and 2.55 eV, respectively). This emission
by recombination is schematically indicated by
h+ + e− + Tl+ → exciton + Tl+ → (Tl+ )∗ → Tl+ + phonons + hν.

(2.36)

The emission in these bands is very strong due to a large interaction cross-section
(large probability of interaction). The optical absorption edge in CsI:Tl is related to
this exciton absorption. Optical excitation below that edge also results in emission.
Yet another pair can be found at 374 nm and 400 nm (3.31 eV and 3.09 eV, respectively), which is due to the weak emission of Tl perturbed by the STE and is explained
by the Jahn-Teller effect with trigonal and tetragonal potential minima. For this pair
of emission peaks, the direct sequential capture of thermalized electrons and holes is
described by the following equations
h+ + Tl+
Tl2+ + e−

→ Tl2+ ,
→ Tl+ + phonons + hν,

(2.37)
(2.38)

e− + Tl+
Tl0 + h+

→ Tl0 ,
→ Tl+ + phonons + hν.

(2.39)
(2.40)

The relaxed ionization holes and electrons are sequentially trapped at the same luminescent ion for dopant ions, such as Tl+ , Ag+ , Ce3+ , and Eu2+ (Rodnyi [4]).
It is clear that recombination takes place at Tl-sites bearing any of the three charge
types: electrons, holes and excitons, but must await the arrival of the appropriate carrier (Brecher [23]). Finally, a fifth spectral contribution is formed by the host-related
(CsI) emission at 330 nm by recombination with self-trapped holes (Gwin [57]). This
contribution is negligible for optimal Tl concentrations (and even may be absorbed in
the exciton band). This interpretation according to Nagirnyi is widely accepted and
puts the emission properties of Tl and Na-doped CsI on common grounds: the nature
of scintillation is based on perturbed exciton centers, with their enhanced interaction
cross-section at Tl and Na impurities (Nikl [20]).
In a competing process, the complex of an unrelaxed hole and electron (Vk + e− )
can use its excitonic energy to push a halogen atom or ion into an interstitial site, leaving a color-center behind for the anion. The halogen atom migrates in a replacement
collision sequence, along the 110-lattice direction along which also the axis of the
Vk was oriented. These atoms are finally trapped at an anion site to form H-centers
(Hirai [58]. As a consequence, a distant Frenkel defect pair: an F-H pair emerges.
The F-center (Vk -center) captures free electrons. The H-center is stabilized in the
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neighborhood of Tl+ ions. Luminescence generating interactions are reduced: electrons, caught by traps, will not contribute to the prompt photon-generating process. A
saturation effect is inherent to this activity, where an equilibrium state is evident upon
sufficiently large absorbed X-ray doses. These deep traps release their content slowly,
showing a very long-term afterglow, extending even across days or weeks. It was
found by Hirai that for a separation of four lattice distances, lifetimes of 104 − 106 s
(several weeks) could occur for KBr. In case of CsI:Tl, for high Tl concentrations of
more than 0.02 %, complex activator centers are formed, representing deeper electron
traps. These traps will release their content even later (during months) and will produce afterglow, or will decay without optical emission. This discussion leads to an
important conclusion:
This trapping effect of electrons with such deep energy levels, is the very
essence of the scintillator hysteresis mechanism: the storage of electrons in
deep traps causes a gain variation, depending on the history of the detector
irradiation with X-ray. Up to 10 % trapping per ionizing event has been
reported (Wieczorek [59]).
All the processes compete in a creation and annihilation process of carriers and
carrier-traps, producing optical radiance or suffering energy-loss through thermal quenching (Rodnyi [4], Lecoq [5]).
The migration rates, resulting in luminescence are identified at different time
regimes during the scintillation pulse (Brecher [23]). At the early stage, for t < 10µs,
the emission is largely due to the direct sequential excitation and with a decay of
≈ 200 ns. Later, the itinerating Vk -centers reach and recombine with trapped electrons. The combined initial characteristic decay amounts then to 680 ns. At a time
scale of ms, the presence of afterglow is evident, which can be as high as 5 % at 2 ms.
Even later, t > 100 ms, the thermal release of electrons trapped at Tl0 and their subsequent capture by a Tl2+ -bound Vk - center will form (Tl+ )∗ with a delayed photon
emission. These complex processes, even with extraneous traps excluded, will cause
the decay to seriously depart from a single exponential.

2.8.3 External/internal influences on defects
Apart from intrinsic chemical or structural irregularities in the crystal, a major impact
is found in external radiation. Both intense near UV and blue light, as well as gamma
irradiation, can produce traps or color centers (see Chap. 3). The result is absorption
in the light-emitting band with characteristic absorption peaks. For incident gamma
quanta, knock-on collisions can cause a lattice ion to be displaced and put into an interstitial position. A charge unbalance is created and a trap or color-center is formed.
The process is partially reversible by annealing. Due to the technological limitations
in scintillation crystal growth and possibly machining afterwards, crystals always contain internal defects and a non-uniform distribution of intrinsic stresses. Light output
changes depend on the type of deformation (shock, steady deformation) and crystallographic orientation of the specimen. Scintillator-light output recovery may occur by
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Figure 2.12: Weak off-center Vk and strong off-center Vk after Nagirnyi [56].

stress relaxation. For the CsI:Tl scintillator, mechanical deformation has an influence
on the light output, which will significantly decrease in the first 7-10 days after application of stress and may completely disappear within 30-40 days (Gayshan [60]).
By applying strong external stimuli like ultra-sonic annealing, electron bombardment,
temperature annealing, the radiation damage or structural damage can be reduced. In
the following we will discuss the various influences on crystal defects.
A. Defect reduction
Ultra-sonic annealing has been applied for single crystals in particle-detection systems. The radiation-induced optical absorption in ionic crystals is removed by ultrasonic treatment of the crystals at room temperature. It is shown by Ostrovskii [61]
that the effect can be explained by defect migration processes occurring in ultrasonic
fields. It is questionable whether (1) delicate FP detector systems would survive an
intense vibration (5 W/cm2) and (2) the efficacy of removing the (right) traps responsible for scavenging electrons would be adequate. This ultrasonic treatment may be
ruled out for reduction of memory effects.
An application of electron-bombarded annealing is mentioned in a patent application (Lewandowski [62]. Herein, the author describes a high-energy (1.5 MeV), highdose (0.5-8 MGy) electron bombardment with a linear accelerator, while keeping the
material at elevated temperatures in the range of 100-300 o C, which considerably reduces hysteresis and afterglow for CsI:Tl scintillators, as used in medical applications.
The effect would be more efficient than thermal annealing only.
High-temperature annealing by applying a temperature rise of 100-500 o C, followed by a fast cool-down to room temperature, is beneficial in the production of
scintillating crystals and is widely used to reduce structural defects. Upon normal
use of scintillator layers, the production of defects by radiation is negligible for the
life-time doses (dose rates), as found in FP medical X-ray imaging.
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Optical annealing (bleaching) has been applied for several crystals in high-energy
physics, but has never been proven useful for CsI:Tl.
B. Co-doping and hysteresis
The implant of auxiliary elements (additives), such as Eu or Sm is proposed to reduce
hysteresis and afterglow in CsI:Tl. Bartram et al. [22] show that by co-doping CsI:Tl,
the short-term afterglow and hysteresis can be reduced. A non-radiative chargetransfer transition from shallower Tl-related traps to deeper Sm electron traps as a
dominant process, accounts for the reduction. The electrons are assumed to recombine with holes trapped at VkA Tl+ -centers. The process acts as a two-sided sword:
the charge-transfer process concurrently prevents the accumulation of trapped charges
with irradiation history and reduces hysteresis by scavenging electrons. Kappers [63]
assumes in the underlying process that electrons do not move thermally, but tunnel
freely between Sm ions and recombine thereafter. It is stated that the scintillation
output is reduced somewhat and that the afterglow suppression is appreciably less effective for columnar films. We will show later that a comparable process is valid for
blue-light assisted scavenging (depletion) by deep color-centers, with a minor reduction in sensitivity. We will demonstrate for a dual process, in which co-doping with a
suitable element such as Pb2+ , traps are populated by UV-assisted electron generation.
This process increases the sensitivity, as will be shown later.
The addition of Na has been been shown to reduce radiation damage by Trefilova [64].
C. Concentration quenching
When the concentration of Tl increases, exciton-borne energy can migrate through
the lattice. It can move across long distances and can finally lose its energy nonradiatively at a quenching site ( Lecocq [5]). The absorption coefficient at 550 nm
increases linearly with the Tl concentration upon X-ray irradiation (Yacovlev [46]).
We observe an energy transfer from the near-thallium excitons by repeated inductive
resonance (wave functions in phase) to color-centers, which ends in a non-radiative
decay. The extra losses commence for Tl concentrations beyond 0.1 mol%. A large
Stokes-shift reduces this type of quenching. At an even larger Stokes-shift, thermal
quenching is introduced (crossing of configuration-parabolas).

2.9 IQ and scintillation
First, the DQE of the detector, with the scintillating layer as a constituent, is the most
important Image Quality FOM, since it describes the deterioration of the SNR as a
function of the spatial frequency from input to output, with dose as a parameter. For
low-dose imaging, the photon yield is of extreme importance, since it determines the
relative contribution of the additive random noise component. The effect of trapping
on the DQE, deserves special attention. Partition noise3 may play a role and is ex3 In analogy to the noise encountered in electron tubes, wherein part of the signal carrying electrons
can be diverted to a grid.
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pressed as the standard deviation σ on a stochastic gain g with average ḡ smaller than
unity and satisfies a binomial probability distribution (Beutel [6]), due to diversion of
the carriers to traps. It can be described by
σg2 = ḡ(1 − ḡ).

(2.41)

The ratio between trapped and emission-generating carriers is sufficiently low in regular CsI:Tl layers and will hardly give rise to a secondary quantum sink, i.e. a large
number of photons per absorbed quantum is produced. An excess-noise factor which
can be attributed to a partition noise type, is negligible for these small ratios. In case
of saturated trap-filling as in one of our proposals, the ratio will be even larger.
A second set of phenomena, is found in lag and hysteresis on various time scales.
It determines IQ artifacts like comet-tails, streaks and rings upon reconstruction. For
a temporal response of the lag and hysteresis, see Sec. 2.8.2. The lag and hysteresis
result in a (small) noise reduction in the image, due to temporal integration. For a
limited frame rate, the lag is sufficiently low, but for fast imaging it is important to
reduce lag or afterglow. The level of hysteresis, also relevant for low-contrast imaging,
becomes visible as a long-lasting gain pattern depending on the imaging history. In
Chap. 3, these effects are treated extensively.
Finally, the main IQ aspects for columnar scintillator layers are described by the
usual parameters as MTF, NPS and DQE. These descriptors and the artifacts with a
gain and off-set origin, are discussed in the part on IQ in this chapter and also in
Chap. 3.

2.10 Conclusions
In the first part of this chapter, we have expanded upon a typical cardio-vascular imaging system, constructed as a cascade of components. These components range from
the X-ray source to the 3D reconstruction processing. A strong emphasis is laid upon
the image acquisition in 2D and the 3D filtered back-projection reconstruction, rather
than on image enhancement processing.
We have summarized a basis for IQ descriptors in a linear systems approach for the
pre-sampling and post-sampling domain and refined that for intrinsic and deteriorated
IQ. This approach eventually leads to the building of a comprehensive IQ framework,
which enables us to model, design, apply and assess for IQ and Patient Dose at the
system level. These aspects are the subject of Chaps. 4-7.
We have concluded with a list of artifacts and the possible remedies, as frequently
encountered in 3D reconstruction imaging. In particular the ring-artifact due to a
hysteresis effect, deserves special attention. Therefore, it is an important subject in
Chap. 3, wherein we propose a novel method for the reduction of ghost images.
In the second part of this chapter, we have clarified the principal scintillation characteristics and detailed the scintillation materials fit for medical imaging. We have
described the scintillation mechanism for doped alkali-halide crystals. In particular,
the luminescence model for CsI:Tl, with its generally favorable properties for the FD,
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has been underlined. The external stimuli, provoking crystal modifications on a lattice
level, have been included.
We have given a short enumeration of the IQ items as impacted by the scintillation
layer and have shown that after more than half a century. Since its discovery, CsI:Tl
still survives as an attractive conversion layer for X-ray quanta in medical imaging. A
high DQE, for energies as encountered in medical imaging, results in low-noise detection, paired with a high MTF. In the design of high-resolution systems, this property
is of great importance and comes into play in Chap 6.
For low-contrast CT systems, hysteresis and afterglow may be impaired by the
performance of CsI:Tl. By applying an optimized UV irradiation to a co-doped layer,
the proposed solution to this issue will enhance the quality of operation of current
cone-beam FD systems. The following chapter is devoted to this subject.
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3
Hysteresis reduction using UV/blue light

”One of the continuing scandals in
the physical sciences is that it remains
in general impossible to predict the
structure of even the simplest
crystalline solids from a knowledge
of their chemical composition”
John Maddox, editor of Nature, 1988

In the first part of this chapter, we establish a model of the hysteresis reduction
using UV or blue light on a microscopic internal scale and on a macroscopic external scale. This model relates photo-chemical features and IQ for a co-doped CsI:Tl
scintillation material. The effects induced by external radiation, using either X-ray or
UV/blue light, are explained by atomic (ionic) configurations. We propose an electron
donor-acceptor system in an equilibrium state. The model allows interpretation of the
data found by gain and contrast measurements. The second part of this thesis provides
a comprehensive experimental basis and analysis to support the modeling. We discuss
ghost-imprinting and ghost-reduction effects on a scintillator level, detector level and
system level, using UV or blue light. We present a first method, where trap population
is dominant. A second method relates to trap-depletion effects only. A gain analysis
produces a measure for the cross-section and the saturation of the electron-transfer
process. The modeling eventually allows for setting an enhanced IQ, by applying an
optimum wavelength and irradiance. For this optimum we do not find negative side
effects on IQ such as noise and sharpness. We do find an improved afterglow (lag)
behavior and an increased sensitivity.

3.1 Introduction
Memory effects in X-ray Flat Panel (FP) imagery can be detrimental for Image Quality (IQ). The actual images are tainted by traces of former images (Siewerdsen [2]).
The effects in FP X-ray detection can be divided into two classes: additive, such as
residual signals in the photodiodes and afterglow in the scintillator, or a hysteresis
type of multiplicative effects in the photodiodes as well as in the scintillator (Wieczorek [59]). Each of the temporal effects has its characteristic decay scale: afterglow
57

3. H YSTERESIS REDUCTION USING UV/ BLUE LIGHT
for the CsI:Tl scintillator may extend far in the seconds range, albeit at a very low
level. The hysteresis or bright-burn effect will exist for days and depending on the Tl
concentration and the history, its maximum level can accumulate to as high as 10%.
An example is given in Fig. 1.2 which displays a ring pattern that can be found upon
reconstruction of a persistent transition in an imaging field. As far as photodiodes are
concerned, their residual (additive) signal can last for seconds and a gain effect of a
few percent can be encountered, decaying in several minutes (Overdick [65]). These
effects are based on a mechanism of trapping/de-trapping of charge carriers at crystal
imperfections or impurities and their slow release thereafter. Depending on the imaging history, patterns may be imprinted on the acquired images in both gain and off-set.
Attempts to reduce the effects by model-based cancelation prove to be difficult, so addressing the problem at its origin will be advantageous. The temporal gain effects in
the photodiodes are properly reduced by existing back-lighting (Overdick [65]). For
the scintillator, to avoid memory effects, we propose to fully populate traps or fully
deplete traps, by irradiating with an extended light source of a proper wavelength.
Let us further detail this proposal. The combination of photo-induced electron
transfer and X-ray excitation for medical imaging with flat detectors is not obvious
(Snoeren [13]). However, it does provide a solution to the detrimental trapping effects
which cause hysteresis expressed in ring-shaped artifacts upon reconstruction. It is our
desire to undertake a study of the features of this combination, since pure CsI:Tl scintillators will not exhibit such a behavior. A direct optical excitation of a wide band-gap
material beyond the band edge, such as a regularly ordered CsI crystal, is impossible.
For the activated material, Tl in our case, which is a necessity for an efficient X-ray
detection with Si photodiodes (see Sec.2.6), a different behavior is found. The absorption edge shifts towards longer wavelengths and depending on the concentration of the
activator, excited states are possible for the near-UV range. Still, the photo-assisted
trap-population effect, like we encountered, cannot be explained by a Tl dotation only
and other elements should be in play, since we find a response in the near-UV/blue
wavelength range. The very existence of such contaminating elements is revealed by
chemical analysis. Complexation of an excited foreign entity with a locally disordered
crystal, will play a key role in the process of memory-effect reduction. We will describe the fundamental unraveling of the photo-electronic properties related to these
contaminants, which eventually will yield a basis for a framework giving an optimal
design. It will be shown that Pb++ ions act as perturbed Vk -electron centers, created by UV/blue photons. These centers are concurrently destroyed and subsequently
release their electrons. We will also show that Na+ ions act as radiation-damagelimiting entities and reduce the counter effect of trap depletion through color centers.
The validity of the proposed microscopic model is supported by various experiments
and the relation between microscopic features and (macroscopic) IQ aspects is established. We will find an optimum procedure to reduce the memory effects below the
visibility level at reconstruction.
We construct this chapter as follows: Section 3.2 examines the microscopic and
macroscopic models on ghosting and de-ghosting. Section 3.3 refers to materials analysis. Section 3.4 discusses the measurement and analysis of hysteresis. Section 3.5
addresses afterglow and lag. Section 3.6 considers the discussion of the results. The
chapter is completed with conclusions in Section 3.7.
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Figure 3.1: Pb2+ Electron donor centers and Na+ in the CsI lattice.

3.2 Modeling UV/blue-light-assisted trap population and trap
depletion
We base our model hypothesis on an interpretation of extensive analyses of chemical,
optical, X-ray and IQ properties, as discussed in the following sections and supported
by relatedscientific references. A number of publications on CsI:Tl scintillating crystals elucidate the optical properties after irradiation, when the crystals are disordered
by contaminants such as Pb and/or Na and refer to photochemical effects. First, we
review the creation and destruction of traps and the effects on electron-transfer in
Sec. 3.2.1, followed by modeling of the contrast properties in Sec. 3.2.2.

3.2.1 Microscopic model
Chemical analysis on various samples of CsI:Tl reveals that significant fractions of Pb
and Na are present in the DUT1 scintillator material (see Sec. 3.3.2). We expect these
elements to play a key role in the hysteresis and afterglow properties of the material.
We have distilled a physical model from numerous publications on the creation, destruction, population and depletion of charge-centers. Impurities and defects change
the charge states of ions and their neighborhood. From closed-shell configurations,
being typical for a stable crystal, the ions and their neighborhood therefore become
able to absorb light (Lempicki [66]). Two competing phenomena can be discerned,
which form a basis for a theory explaining the observations: (1) an electron donor
supplying electrons for the population of electron traps and (2) color-center-capturing
electrons (Rabin [67], Markham) [68]). An explanation in the near-UV wavelength
range and at room temperature, points at least at the impurity-induced A-absorption
band of Pb-doted CsI at 3.39 eV (Radhakrishna [69] [70]), which has a sufficient bandwidth to respond to an optical irradiation of 3.42 eV, i.e. at the 362-nm LED emission.
Zazubovich et al. [71] show that at a temperature of 4.2 K, CsI:Pb is photo-ionized
with photons in impurity-induced lead centers in the 5.7 eV-3.4 eV energy band. Also
Selvasekarapandian [72] and Babin [73] report in different papers on the subject of
59

3. H YSTERESIS REDUCTION USING UV/ BLUE LIGHT
Pb-contaminated CsI. The authors show broad absorption bands at 3.42 eV, yielding
emission at 2.86 eV at low temperatures. The crystal described in this particular paper
shows differences compared to crystals in papers with comparable annealing procedures (Asada [74]), which indicates the complexity of the phenomena. In [73], Babin
shows that the optical characteristics strongly depend on the annealing methods in
terms of temperature, annealing time and quenching procedure. The conditions for
the annealing procedure of the detector used for our experiments, are not disclosed by
the manufacturer.
Defects formation under UV irradiation in impurity-induced bands has been studied by Babin [75] for CsI:Pb crystals containing electron traps. Babin identifies an
electron transfer from the impurity-perturbed halogen ion states, resulting in electrons
and holes in the crystal. The electrons are trapped by lead ions and the holes are
self-trapped1 . Babin [76] states further that, under optical irradiation in the absorption bands of Na-contaminated CsI:Pb, an electron transfer occurs from the I− ion
perturbed by a Pb2+ ion to this Pb2+ ion, or to a neighboring Pb2+ ion or a Na+ ion
(see Fig. 3.1). This results in the creation of an electron Pb+ and a Pb0 center, or a
Na0 center and the creation of self-trapped mobile holes in the valence band at different distances of the impurity, which migrate through the crystal. The electron centers
can subsequently be destroyed by photo-stimulation and the electrons are available to
populate Tl-related electron centers via the conduction band (see Fig. 3.2). The effect
is an excitation of Pb+ with an UV/blue photon to produce Pb2+ and an electron, or
Na0 to produce Na+ and an electron, so that the following equations hold
Pb+ + hν
Na0 + hν

→
→

Pb2+ + e− ,
Na+ + e− .

(3.1)
(3.2)

This process thus involves both the optical creation of centers and concurrent destruction by photons of the same energy. This leads to an important conclusion:
Electrons are produced and move towards the conduction band and populate Tl-bound traps (see Fig. 3.2).
The first (creation) process prevails, when there are more Pb2+ ions. The concentration of Pb+ increases until saturation (equilibrium) is reached. The absorption
spectrum has no clear footprint, since a large number of bands in the absorption region overlap particularly at room temperature (Asada [74]). The effectiveness of producing electrons strongly depends on the irradiation spectrum. Asada [74] observes
four absorption energies: 3.00 eV, 3.23 eV, 3.47 eV and 3.90 eV, or in corresponding
wavelengths: 413 nm, 383 nm, 357 nm and 317 nm, respectively. The 3.00-eV band
may be associated with an aggregate CsPbI3 exciton absorption (Nikl [77]). It should
be noted that localized STE emission only occurs at low temperatures below 70 K,
contrary to CsI:Tl, so at room temperature there are non-radiative effects following
electron transfer.
1 The
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holes constitute an “ion molecule” at two adjacent halogen anions in the host crystal.
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Figure 3.2: Band diagram for UV/blue excitation.

An important aspect is that X-ray irradiation may also reduce Pb2+ to Pb0 . Concurrently, as an electron center, Pb2+ will capture electrons upon optical irradiation
(color center). Here, reduction is accomplished along the sequence: from Pb2+ to
Pb+ and then from Pb+ to Pb0 . The absorption spectra are strongly dependent on
temperature and generally emission is not produced, but electrons are prone to being
captured by electron traps. We conclude that in a slowly decaying process fueled by
UV/blue light, deep electron traps are being populated. The band diagram depicted
in Fig. 3.2 visualizes this process. Concurrently, the centers may also be destroyed
thermally at a very low rate. The effects on hysteresis cannot be separated from afterglow, which will be influenced both in the short and the long-term time domain. As
stated earlier in the previous section, for the DUT1 sample the magnitude of afterglow
is reduced in the short-time range, at least considerably for the 362-nm irradiation.
The above-mentioned population of deep traps is countered by electron scavenging through color centers. A first stage in producing color centers is found in X-rayinduced electron traps (X-ray radiation damage). A competing mechanism of coloration is found in a second mechanism. This mechanism reveals itself as UV/blueinduced electron-trap creation caused by UV radiation. The corresponding damage
is manifested as color centers in the host material CsI. The centers remove electrons
from traps that diverted the electrons from the scintillation process. Both sensitivity and hysteresis are affected in this way. An example of these two types of coloration is shown in Fig. 3.10. A resemblance with Eu or Sm co-doped CsI cannot
be ignored. For our trap-depletion-only solution, a scintillating mechanism is expected that closely resembles the mechanism encountered in co-doped CsI:Tl,Eu or
CsI:Tl,Sm (Brecher [23], Bartram [22]. These studies consider the scavenging of
electrons, surged from shallow Tl-related electron traps. This process may be accompanied by a considerable sensitivity loss though. We will now describe the formation
(optical and by X-ray quanta) and destruction (thermal) process of color centers.
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Yakovlev [46] and Nikl [3] describe two kinds of color centers: anion vacancies (electron centers) and cation vacancies (hole centers) for CsI:Tl, which gives rise
to absorption bands in the near-UV/blue part of the optical spectrum (see Fig. 3.3).
The material CsI:Tl solely doped by Tl, shows color centers by exposing it to Xray irradiation, daylight or UV/blue light only. The magnitude of the maxima in
UV-induced optical attenuation, largely depends on the annealing conditions of the
material (Click [78]). A comprehensive description of the the color-center model under UV- and blue-light irradiation for CsI:Tl, is given by Trefilova [79] [80] [64] and
Chowdhury [81] [82].
Trefilova describes the effects of broad-band exposure to day light, leading to a
sextet of absorption bands superimposed on a background attenuation, caused by a
multitude of trace impurities, which can be explained as follows. Upon irradiation
with UV/blue light or X-ray, Tl+ is reduced to Tl0 . A color center is produced: a
Tl0 Va center, which is equal to Tl0 perturbed by an anion vacancy (Iodine) residing in
the neighborhood, or two anionic vacancies Va Tl0 Va . The color centers can be occupied by electrons, filling the vacancies. These color centers may be photo-stimulated
and excited to three levels, resulting in the so-called L-bands. Two degenerate energy
levels will occur which are separated 0.2 eV apart [83]. Allowed transitions to one
of three levels will take place and a return to the ground level produces radiation in
the form of afterglow or a radiation-less transition. The degenerate energy levels are
due to a perturbation, explained by the Jahn-Teller effect2 . These color centers may
be occupied again with electrons removed from closely located deep electron traps
by tunneling electron transfer. At suitable distances on an atomic scale, the wave
equation may allow electron transfer. According to Kappers [63], experiments on
samarium co-doped CsI:Tl single crystals infer that electrons tunnel freely between
samarium ions and are trapped preferentially as substitutional Sm+ near VkA (Tl+ )
centers, where non-radiative recombination with a hole is the terminating step.
For the depletion of traps in our scintillator, we assume a comparable process,
wherein electrons are scavenged from shallower Tl-bound traps. The localized electrons can undergo photo-induced transitions and form an excited state. Liberated electrons may subsequently recombine with trapped holes. A long-term afterglow, or a
radiation-less transition can result from this effect. In the majority of our LED excitation cases, we find a long-term afterglow, with the exception of 362 nm having a small
FWHM, which selectively excites a Pb center only. It should be noted that afterglow
in micro-columnar films of CsI:Tl,Sm is enhanced by inhomogeneities which impede
tunneling between samarium ions, but these inhomogeneities are partly suppressed by
annealing. Moreover, the photon yield can be affected as well.
The effect of an enhanced creation of a radiation-induced color center and a reduced creation of a color center, is described by Trefilova [64]. Apart from the
aforementioned process of color centers of a Tl-perturbed nature, parasitic oxygencontaining anion impurities like OH− and CO2−
3 , also play an important role in the
formation of color centers. Trace materials cause extra irradiation-induced coloration
in CsI:Tl. The inclusion of particularly H2 O, can hardly be avoided. Radiationchemical reactions occur, forming color centers. An amount of OH− ions dissociate
2 The
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Jahn-Teller effect refers to an asymmetry induced by the field of the neighboring defect.
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−
under ionizing radiation into Hi , as an interstitial and O−
a residing at the original OH
anion site. At room temperature, Hi thermally diffuses into the lattice and reduces
2−
+
CO2−
3 in the neighborhood of an anion vacancy (forming a (CO3 − Va ) dipole)
−
into a color center and a monovalent HCO3 ion. In this case, Hi is assumed to be
stabilized against association to OH− again at room temperature by the presence of
CO2−
3 point-defects (see Trefilova [64]). The previous discussion leads to the following process equations
0
(OH− )∗ → O−
a + Hi ,

(3.3)

−
+
H0i + CO2−
3 + Va → HCO3 + F.

(3.4)

The asterisk denotes the ion excited by UV/blue light. The subscript ‘i’ stands for an
interstitial and ‘a’ for an anion. For CsI:Tl containing these impurities, photons with
energies less than 3.8 eV can already provoke photochemical reactions and even more
efficient than under ionizing radiation (Shpilinskaya [84], Morato [85]). For pure CsI,
such a low-energy sensitivity is not found. At least 25 eV would be needed to produce
a color center, based on an anionic vacancy if produced by knocking a iodine ion out
of its regular lattice position (Markham [68]). As stated earlier, it is assumed that
charge carrier de-localization is supported by Tl perturbation, as is the case for many
processes in the lattice, including the fundamental scintillation mechanism. Anionic
vacancies play the role of electron acceptors, thus forming color centers. The set
of absorption maxima reveals the density of centers by the width and height of the
maxima and the position at the wavelength scale according to Smakula [86].
Trefilova [64] also discusses the effect of Na as an additive to reduce radiation
damage. Impurities may be introduced during growth and handling of the material.
However, it is shown by experiments that by deliberately adding an amount of Na to
the CsI:Tl lattice, coloration by γ irradiation is reduced to a large extent. A small
amount of Na+ ions lead to radiation hardening by suppression of color centers. It
was established by Panova [87] that for very small activator fractions in CsI:Na, the
irradiation with a dose from 0.1-10 Gy would not lead to the formation of stable color
centers. This was confirmed by Trefilova for the material contaminated by OH− and
CO2−
3 ions. The characteristic near-IR F-absorption peak disappeared. The effect is
described by the creation of complexes of the form
+
(nNa+ − CO2−
3 − Va ).

(3.5)

By charge balancing of the carbonate ion with Na+ ions, these complexes are photostable and prevent the completion of an anion vacancy to an color center by electron
transfer. The same process can be applied to the formation of Tl-related color centers
in CsI:Tl. Here, Va Tl0 Va or Tl0 Va may form perturbed vacancy complexes with
Na+ ions in the immediate neighborhood, giving
(nNa+ − Va Tl0 Va ), and

(3.6)

(nNa+ − Tl0 Va ).

(3.7)
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Figure 3.3: Color center at iodine vacancy (Va ).

The surge of electrons to deep Tl0 -related traps is hindered by a potential barrier
induced by Na+ ions.

3.2.2 Macroscopic model
We propose an equilibrium model, based on the process of creation, destruction, population and depletion. Optical attenuation caused by color centers, can be described
in a quantitative way by the Stern-Volmer [88] relation. This relation describes a ratio
between input intensity I and output intensity I0 for a luminescent specimen, which
relies on the color-center density nF , a depleting factor by scavenging k, yielding
I
1
=
.
I0
1 + knF

(3.8)

Following Quaranta et al. [89] for low fluences (number of photons per unit area),
which is satisfied in our case, this equation holds and the scavenging factor k can be
considered as a constant. The decrease in light output or attenuation depends on the
concentration nF in the form of complementary F-H pairs (Frenkel pairs: anion vacancies and interstitial halogens). The process can be described by a linear differential
equation, specified by
dnF
= −n0 σ(1 − vRF nF ),
dϕ

(3.9)

where nF is the defect concentration, ϕ the fluence and n0 denotes the iodine cationsublattice atomic concentration. Parameter σ represents the cross-section per interacting light-photon for the formation of a defect pair and vRF the recombination volume
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for two complementary defects. Solving the previous differential equation yields
1
(1 − exp(−vRF n0 σϕ)) .
(3.10)
vRF
Here, the fraction 1/vRF can be interpreted as the maximum concentration of color
centers in the limit of recombination versus annihilation. The color centers may scavenge electrons from deep Tl-associated traps. The depletion rate of the deep traps
with respect to the irradiation flux can then be expressed as
nF (ϕ) =

I
=
I0

1
k

.

(3.11)

(1 − exp(−vRF n0 σϕ))
vRF
At this point, we contribute with an elaboration on the Stern-Folmer relation, yielding
an expression of the trap-population effect as an ameliorating effect on the scintillatorgain:
1+

I
= 1 + kne ,
(3.12)
I0
where ne denotes the generated electron concentration. The k-factor should be interpreted as an electron population factor for the deep electron traps, being responsible
for the hysteresis effect. The differential equation for electron (donor) generation resembles the equation for the color center (electron acceptor) generation. The indices F
and e are used for electron scavenging and for electron production, respectively. The
two effects can be combined, assuming independency of donor and acceptor generation. Another assumption relates to the boundary conditions in solving the differential
equations. Initial concentrations of electron donors and acceptors can be set to zero,
since in the gain measurements we compensated for gain changes. This compensation
was realized by using a reference gain value in non-irradiated parts of images, for Xray or for UV/blue-light-induced effects. As an example, Fig. 3.14 shows the separate
measured gains for the population-only effect (sample DUT1) and for the depletiononly effect (sample DUT2) for a LED wavelength of 362 nm. Displayed on a limited
irradiance scale, it shows the measured data to fit the proposed first-order model. The
following formula describes the combined population-depletion model
ke
[ 1 − exp (− vRe n0e σe ϕ )]
vRe
,
(3.13)
kF
1+
[1 − exp(−vRF n0F σF ϕ)]
vRF
where the subscripts e and F refer to electron donors and electron acceptors, respectively. For simulation purposes, the constants in numerator and denominator are substituted by
I
=
I0

1+

ke
kF
, b = vRe n0e σe , c =
, d = vRF n0F σF ,
(3.14)
vRe
vRF
where nF max = 1/vRF relates the maximum defect concentration of the centers to
the probability of finding a defect in a reference volume. Similarly, nemax = 1/vRe ,
a=
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I
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I1

I2

Depleted traps
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Irradiation F

Figure 3.4: Detector gain variation as a function of irradiating flux. Solid lines: trappopulation-only and trap-depletion-only. Dashed lines: a combined effect.

relating the maximum defect concentration of the electron donors to the probability
of finding such a defect in a reference volume, yielding
I
1 + a [1 − exp(−bϕ)]
=
.
I0
1 + c [1 − exp(−dϕ)]

(3.15)

This equation allows us to elaborate on the combined effect of population and depletion, leading to a contrast model, as described in the following paragraph.
A. Contrast vs. fluence model
Equation (3.15) allows to fit the model on measured data, by using the definition of
contrast and referring to Fig. 3.4, giving
C=

I1
− 1.
I2

(3.16)

We can determine the flux-dependent contrast C, by inserting the variation for the two
levels I1 and I2 by assigning the corresponding subscripts 1 and 2 to the constants a,
b, c and d, so that
(
C = (Ci + 1)

1 + a1 [1 − exp(−b1 ϕ)]
1 + c1 [1 − exp(−d1 ϕ)]

) /(

1 + a2 [1 − exp(−b2 ϕ)]
1 + c2 [1 − exp(−d2 ϕ)]

)
− 1.(3.17)

Herein Ci denotes the initial contrast at zero irradiating flux. The material dependencies of the constants a through d for the two signal levels I1 and I2 are incorporated
in Table 3.1.
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I1

I2

a

ke1 ne1 max

ke2 ne2 max

b

n0e1
σe1
ne1 max

n0e2
σe1
ne2 max

c

kF 1 nF 1 max

kF 2 nF 2 max

d

n0F 1
σF 1
nF 1 max

n0F 2
σF 2
nF 2 max

Table 3.1: Material constants specification for the general situation.

For low defect-concentrations, the cross-section per interacting photon is assumed
not to depend on the signal level and neither does the cation concentration or the saturation density of the charge centers. Constants b and d in Table 3.1 are chosen equal
for both signal levels. The trap-filling top-level for the higher intensity is lowered due
to the higher level of population.
The same reasoning applies to depletion. The ratio p between the coefficients a
and c is introduced in Table 3.2. For the specific case of 362-nm and 396-nm peak
wavelength and an initial contrast of 1.3 %, the ratio p = 1.0128 and p = 1.0123,
respectively, for sample DUT1.
A second ratio r, can be applied to the maximum saturation values for population
and depletion. The changes in the array of constants then focus on coefficient c, where
factor r is incorporated and the subscript changes to ‘e’. The other coefficients remain
unchanged, but we have plotted the full table for completeness in Table 3.3. The values
found in the simulation for the exponents b and d for population vs. depletion in case
of 362-nm and 396-nm wavelength are high, which indicates for this sample, that
population dominates and depletion is low. This ratio is reflected in the cross-section
values of the cross-section/saturation plot that will be presented later. The color-center
production is at a very low level, consistent with the assumption of radiation-damage
reduction by the Na additive. On the other hand, the light-induced population is high.
For a depletion-only layer, such as DUT2, the model can be applied by setting the
coefficients a = 0 and b = 0, resulting in a continuously decreasing contrast (see
Fig. 3.4).
An example of a simulation for the DUT1 scintillation layer is shown in Fig. 3.26.
The contrast is reduced until an equal effect of filling and emptying is attained. Beyond this point, the contrast increases slightly due to an equal depletion of the signal
regions I1 and I2 , (since C = (I1 − I2 )/I2 by definition and I2 is lowered) followed
by a saturation level (see Fig. 3.4).
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a

b

I1

I2

ke ne max

pke ne max

n0e
ne max

σe

n0e
ne max

σe

c

kF nF max

pkF nF max

d

n0F
σF
nF max

n0F
σF
nF max

Table 3.2: Material constants specification for situation with a ratio p between the coefficients
a and c.

I1

I2

a

ke ne max

pke ne max

b

n0e
σe
ne max

n0e
σe
ne max

c

rke ne max

rpke ne max

d

n0F
σF
nF max

n0F
σF
nF max

Table 3.3: Material constants specification for situation with a ratio p between the coefficients
a and c and factor r for coefficient c.
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Finally, let us consider the extraction of trapping and de-trapping parameters, thus
to extract parameters related to the probability of interaction based on gain measurements.
B. Extracting cross-section and saturation values
By taking the product of material coefficients a and b and plotting this against constant
a, a scatter plot can be created. This plot expresses the relation between the crosssection variable σn0 k and the saturation k/VR of the sample under test, with the
excitation wavelength as a parameter. Since k and n0 can be regarded as constants,
the relative position of the scatter data-points reflect the efficacy of the trap-population
and trap-depletion phenomena. Figs. 3.12 and 3.13 show typical scatter plots extracted
for the DUT1 and DUT2 samples.

3.3 Materials analysis
In this section, we first analyze materials in terms of spectral emissions, spectral excitations, spectral transmissions and spectral reflections. Second, we investigate the
scintillator layers under test for their qualitative and quantitative atomic content, using chemical analysis. Third, we measure thermoluminescence effects for a smallbandwidth UV irradiation in the absorption region of the excitation spectra and for
broadband-optical irradiation prior to glow measurements.

3.3.1 Optical radiometry
A number of commercially available LEDs in the blue and near-UV range, with a
wavelength of 350-470 nm, are analyzed in terms of integral output power vs. current and spectral distribution for single devices. Spatially-distributed arrays with a
constant pitch are evaluated with respect to their short- and long-range irradiance distribution. The absolute power measurements are traceable to optical standards. In the
following, we discuss LED spectral emission, irradiation homogeneity and the spectral transmission of the detector substrate.
A. LED Spectral emission
Using a Fiber Optic Spectrometer3 , the spectral emission has been measured for six
commercially available LEDs. At current levels of 2, 5 and 10 mA, the on-axis spectral distribution of the radiance has been measured for each LED. For this range of
currents, the spectral distribution proves to be invariant. Henceforth, the true peak
wavelengths will be used to designate the LED arrays. The results are shown in Table 3.4 in terms of specified, true peak and Full Width at Half Maximum (FWHM)
wavelength values.
The integral irradiance of the six LEDs is measured using an integrating sphere, a
calibrated photodiode4 and a trans-impedance amplifier combination with an absolute
accuracy of ±7.5 %. For measuring the actual irradiance of the array, we position a
3 Avantes
4 Macam

AvaSpec-2048 Standard UV/VIS/NIR.
EGG.
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Table 3.4: Specified and true measured LED peak-wavelengths. FWHM of the wavelength, the
specific substrate irradiance and the substrate transmission.
Specified (nm)

360

380

395

405

430

470

633

True peak (nm)

362

383

396

407

423

467

632

50 % low (nm)

357

376

388

409

455

626

50 % high (nm)

369

396

400

463

480

640

FWHM (nm)

12

20

12

54

25

16

Power (mW/(cm2 mA))

0.022

0.062

0.218

0.145

0.025

0.129

0.487

Substrate Transmission

0.068

0.072

0.079

0.082

0.082

0.082

0.080

circular sample aperture satisfying a cosine response and having an area of 8 cm2 , at a
distance identical to the optical distance between the actual scintillator and the LEDarray, which equals 7 mm. The results are summarized in Table 3.4.
B. Irradiation homogeneity
The long-range irradiance homogeneity is measured by scanning a semi-detector array
with a circular sample aperture satisfying a cosine response and an area of 8 cm2 . Half
of the detector sensitive area is irradiated by 362-nm LEDs and the other half by 396nm LEDs. The variation is ±7.5 % for the true peak-wavelengths of 362 nm and
396 nm, at a DC drive current of 10 mA. For the 632-nm wavelength, this variation is
±5 %.
The short-range homogeneity is measured by UV/blue light, irradiating the detector within the acquisition time-window and evaluating the grey values of the acquired
images. The spatial patterns are governed by the LED pitch and amount to ± 1.5%.
The visibility effect on the acquired X-ray images is ameliorated by the saturated nature of the trap population of this type of inhomogeneity. For an optimum setting,
where population is equalled by depletion, as will be explained later, the effects are
reduced to levels below the visibility threshold.
C. Substrate Transmission
To find the irradiance at the scintillator entrance surface, the substrate transmission
is measured by using a circular aperture with a cross- section of 4 mm. The remnant
Fresnel reflection upon attaching the scintillator on the substrate is unknown and is not
taken into account, as it will amount to less than 3 %, if a scintillator mounting glue
with n = 1.5 and the CsI layer with n = 1.7 is applied. The Fresnel reflections form
a systemic error and will not affect the conclusions with respect to ranking the results
on trap population or trap depletion. The results are summarized in Table 3.4. It
should be noted that the LED array with a true peak-wavelength of 405 nm showed an
unacceptable inhomogeneity. It is thus not included in the forthcoming experiments.
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Table 3.5: ICP-MS semi-quantitative analysis of CsI:Tl materials.
Na

Si

Pb

K

Sb

(µg/g)

(µg/g)

(µg/g)

(µg/g)

(µg/g)

DUT1

7-10

100-125

2-3

< 30

< 0.1

DUT2

<2

< 30

< 0.1

< 30

< 0.1

Unit

3.3.2 Scintillator materials analysis
In this subsection, the scintillator is discussed in terms of chemical analysis, optical absorption, reflectance, optical excitation, emission spectroscopy and thermoluminescence spectroscopy.
A. Chemical analysis
A semi-quantitative survey analysis (an order of magnitude deviation or not better
than a factor of 2 in accuracy) is carried out on two test samples using Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS). Two extreme layers are chosen with
respect to their doping element contents. No other metallic impurities than stated in
the tables are detected, or rather are below the detection limits. The Pb content as well
as the Na content is obvious for the DUT1 (Device Under Test 1) and points into the
direction of adding a small amount of Na for increased radiation resistance purposes
(Trefilova [64]) and a significant Pb content. The large amount of Si may be due to a
Si-containing protection layer. The element Al is not analyzed, since the samples are
deposited on an aluminum substrate. The results are shown in Table 3.5.
In addition to the semi-quantitative survey analysis, quantitative analyses are performed on Cs and Tl in both samples and on Na and Pb in sample DUT1. The elements
Cs and Tl are determined quantitatively, using Inductively Coupled Plasma-Atomic
Emission Spectrometry (ICP-AES). The elements Na and Pb are determined quantitatively using ICP-MS with an accuracy of ±10%. The results are shown in Table 3.6.
The amount of Tl is reported in two ways: expressed in mg/g and in atomic (molar)
percentage. For Pb and Na this is µg/g. The “<” sign indicates a detection limit. As
an example, the results for the K content in the samples are doubtful. Some spread is
found in the results for sample DUT1, possibly the elements are not distributed homogeneously in the CsI:Tl layer.
B. Scintillator absorption and reflectance
Since transmission measurements are not possible for the separate layers, as they are
deposited on a substrate, we choose to determine the reflection spectra upon irradiation with intense broadband light, using an Ultra High Pressure (UHP) discharge
source with a lower wavelength cut-off of 350 nm. The layers are illuminated with an
energy of 2 J/cm2 and 30 J/cm2 . For reference, also a non-illuminated layer is evaluated. A waiting time of 300 s between illumination and measuring the spectra is set as
a measuring condition, in order to exclude autofluorescence of parylene layers. The
71

3. H YSTERESIS REDUCTION USING UV/ BLUE LIGHT

Table 3.6: ICP-MS, ICP-AES quantitative analysis of CsI:Tl materials.
Cs

Tl

Tl

Na

Pb

Unit

(mg/g)

(mg/g)

(mol.%)

(µg/g)

(µg/g)

DUT1

487-494

0.62-1.10

0.04-0.07

7.2-10.0

3.0-4.3

DUT2

467-470

9.57-9.66

0.65-0.66

two scintillator layers are analyzed by a reflection measurement in a wavelength range
of 350-780 nm. A diffuse reflection measurement is performed using an integrating
sphere. Division of the spectra by the reference spectrum yields the change in transmission in a double pass through the scintillator layer, thereby increasing the absorption resolution. Moreover, the wavelength-dependent reflections on the first surface
and a reflecting backing layer are canceled to a large extent. Persistent changes at the
scintillator surface will be included though, but are not expected for a parylene layer
at the 2-J/cm2 flux for the irradiance wavelength range (the absorption of this material increases steeply below 280 nm). Upon division, the normalized reflection spectra
can be converted into optical density spectra in order to display specific absorption
bands. A resulting reflection curve, indicating the yellowish green appearance of a
CsI layer, is shown in Fig. 3.5 for the DUT1 sample. This figure shows the change in
Optical Density (OD) for 2 J/cm2 and 30 J/cm2 . The absorption peaks superimposed
on the continuous absorption base should be regarded as the footprint of the electron
absorption centers and the hole absorption centers implemented by the inclusion of
anion impurities such as carbonate, hydroxide and borate ions (Trefilova [80]). The
base absorption can be ascribed to a multitude of trace elements in the bulk of the
layer, but also to the creation of surface defects. The steep increase beyond 350 nm
differs significantly from the DUT2 layer (Fig. 3.6), which starts to rise at 450 nm.
The optical defect creation can also be introduced by monochromatic UV irradiation
or daylight (Trefilova [80]) and would give the same results.
The main absorption peaks can be extracted from the OD curves and their magnitude interpreted in a quantitative way. They are ranked in an increasing deltaabsorption order, i.e. ∆OD × 1000, in order to compare with values found in the
literature by OD measurements for thicker slabs (see Table 3.7. The OD values should
not be interpreted in an absolute way. Generally, the thicknesses in literature vary up
to three orders of magnitude (up to 300 mm), compared to FP scintillator layers for
X-ray imaging. Moreover, the magnitude of the maxima in optically-induced attenuation largely depends on the composition, the annealing conditions, history and temperature. Double absorption bands for the DUT2 layer at 464 nm and 474 nm and at
518 nm and 526 nm, suggest that for 2 J/cm2 , a Jahn-teller [90] effect is active. The
maxima merge to 468 nm and 522 nm at the higher irradiance energy of 30 J/cm2 ,
which indicates destruction of the absorption doublets by a regained axial symmetry
of a perturbed Tl ion with a re-established degenerated orbital state as a consequence.
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Table 3.7: Absorption center wavelengths as found in literature for CsI:Tl and CsI:Pb and
measured values including ODs upon sample pre-irradiation with 2 J/cm2 .
Color centers in literature: CsI:Tl (nm)

356

390

430

464

520

560

Nearest measured for DUT1 (nm)

356

394

430

470

516

568

1

2

2

2

1

2

356

386

426

464-474

518-526

564

5

2

2.5

3-3

3-3

3

Color centers in literature: CsI:Pb (nm)

361

383

413

Nearest measured for DUT1 (nm)

364

382

414

6

1

1

OD (×1000)
Nearest measured for DUT2 (nm)
OD (×1000)

OD (×1000)

An absorption footprint can be derived from the set of absorption centers. Fig. 3.8
shows the average center-values found in literature for CsI:Tl at room temperature, extracted from data of seven papers: Trefilova [79] [80] [64] [83], Chowdhury [81] [82],
Woody [45]. For reference, the absolute absorption spectrum, so not the change with
respect to the non-irradiated state, found in [80] is given in Fig. 3.9. In case of
CsI:Pb, five papers (Asada [74], Babin [73] [76], Selvasekarapandian [72] and Radhakrishna [70]), reveal optical absorption bands following irradiation with gamma
quanta or UV photons. The OD values for the known absorption bands are ranked as
well and inserted in Fig. 3.7. The results of the OD measurements for both layers are
given in Table 3.7 for the values found in literature and for the measured values.
C. Scintillator optical excitation and emission spectroscopy
The emission upon excitation in the UV range is measured for the two samples under
test. For the DUT1 sample, the excitation band extends from 200 nm to 320 nm, measured for an emission at 550 nm. The main emission peaks at 570 nm and a small emission band is superimposed centered at 415 nm for an excitation at 300 nm. This band
can be ascribed to a Na-perturbed localized exciton emission. This particular sample
contains a small amount of Na, according to chemical analysis. Also a direct e-h recombination with a Tl+ ion takes place (Nagirnyi [56]), yielding a 400-nm emission
of low magnitude. The DUT2 sample shows an excitation spectrum which is sharply
limited to a band between 290 nm and 335 nm FWHM for an emission wavelength
of 545 nm. For an excitation wavelength of 300 nm within this band, the emission
peaks at 570 nm and minor emission bands can be discerned at 360 nm, 375 nm and
380 nm. The latter two bands can be ascribed to a Jahn-Teller-distorted direct electron
recombination with a perturbed Tl+ ion (Nagirnyi [56]). The 360 nm emission may
also be explained by an excitation of a low-symmetry Tl+ ion. The total contribution,
outside the main emission peak, is relatively high and amounts to 5% of the integral
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Figure 3.5: Change in OD for the DUT1 layer for two irradiance energies.
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Figure 3.6: Change in OD for the DUT2 layer for two irradiance energies.

emission, due to a reduced exciton response for the main maximum, where energy is
lost by concentration quenching (this sample contains a large amount of Tl).
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Figure 3.7: Absorption footprint for the DUT1 layer displaying the measured absorption bands
and the average bands, derived from literature references pertaining to Tl and Pb.

7

Ranked absorption

6
5
4
2 J/sq.cm

3
CsI:Tl Absorptioncenters reference

2
1
0
350

400

450
500
Wavelength (nm)

550

600

Figure 3.8: Absorption footprint for the DUT2 layer displaying the measured absorption bands
and the average bands, derived from literature references pertaining to Tl.
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Figure 3.9: CsI:Tl absorption showing sextet of color centers after exposure to daylight (cited
from Trefilova [80]) and LED emissions.

D. Scintillator Thermo-Luminescence Spectroscopy (TSL)
We carry out glow experiments at higher temperatures, in order to show the existence
of deep traps. When a phosphor is excited at a lower temperature and is heated at a
uniform rate subsequently, light will be emitted due to depletion of traps and recombination thereafter (Randall [91]). The emission will appear as so-called glow peaks,
which are a measure for the trap energy, i.e. the energy distance with respect to the
band edge. The deeper the traps, the smaller the probability of release of carriers
through the thermal condition of the crystal, described by
α = se−E/kT .

(3.18)

Herein α stands for the probability rate of release, s for product of the frequency of
striking the sides of the potential well and its reflection coefficient, E for the trapenergy and T for the absolute temperature.
In order to find Pb-induced traps, additional Pb,Tl co-doped samples were fabricated in-house, which have revealed traps upon Hoogenstraten analysis (Rasheedy [92])
from room temperature to 300 o C at a rate of 35 o C/min. The resulting trap energies
are 0.68 ±0.1 eV and 0.80 ±/0.2 eV. Furthermore, Tl-only doped CsI has revealed a
trap at 0.6±0.1 eV. For the DUT1 sample, 0.6 eV is estimated with limited accuracy,
due to moderate glow intensities, which is in accordance with reduced color-center
generation after illumination. Then, a distinct 1.1±0.1 eV level is found.
For intense broadband optical irradiation covering the absorption bands, thermoluminescence will introduce new traps if the material is susceptible to that effect
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(DUT2), or remains unaltered for moderate irradiances (DUT1), at least not until
2 J/cm2 . At higher irradiances (30 J/cm2 ), sample DUT1 shows a reduced afterglow,
which indicates a destruction of electron (acceptance) centers. Our hysteresis experiments are conducted at lower levels of irradiation.

3.4 Measurement and analysis of hysteresis
Experiments are carried out at three levels: the scintillator-layer level, the detector
level and the system level. The quantitative effects at the layer level can be assessed
by accurate scanning methods only, so an immediate step to a detector with a photodiode array is obvious. Choices should be made for the evaluation of large-area
effects through optical irradiation, simply due to the extremely long time-scale on
which hysteresis will still be active (months). Such choices are also based on practical
aspects (product design driven), like the most effective irradiation wavelength in ghost
reduction, or a less effective wavelength having a high LED output. Still, conclusions
dedicated to hysteresis effects, can be drawn on an overall basis. Where applicable,
the results are compared with model data, which were treated in Sec. 3.2.

UV

X-ray

Figure 3.10: Sheet of CsI : T l, exposed to UV and X-ray, showing concolorous browning for
non-covered parts. The left half is exposed to UV light and shows darkening at the far left. The
right half is exposed to X-ray and shows darkening at the far right.

3.4.1 Scintillator-only level
The first qualitative, scintillator-level experiments are performed on DUT2 sheets,
which are deposited on Al substrates. X-ray damage and UV damage is shown by
room lighting as a contrast reversal of the irradiated parts. The darker parts coincide
with either UV illumination (TL-discharge lamp) or X-ray irradiation. Coloring, or
rather browning, becomes visible and an example of this phenomenon is shown in
Fig. 3.10. The effect is well known and ascribed to color centers, which cause optical
absorption and becomes apparent through transmission differences.

3.4.2 Detector level
For measurements we use three types of detectors. First, a small format detector of
20×20 cm, containing six LED groups in a 4×4 array in the wavelength range of
near-UV to blue, with peak wavelengths of 362, 383, 396, 407, 423 and 467 nm.
The arrays are interleaved with an existing red-emitting LED array (peak wavelength
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Figure 3.11: Detector covered with central lead slab crossing 6 LED fields.

of 632 nm). The red-emitting array is used for the reduction of photodiode memory
effects (Overdick [65]). This detector is supplied with its native scintillator. Second,
another small-format detector type is used for the application of foreign scintillator
sheets (DUT2 on an Al substrate) or a BaSO4 diffuse reflector sheet for the evaluation
of photodiode effects. Third, we apply a detector of a 30×40 cm format divided in
two semi-parts, irradiated by an array of 362 nm and 396 nm LEDs. This detector will
also be used for system experiments. All LED arrays can be driven by separate current
sources. The pulse-widths can be varied and the temporal phase related to the image
frame rate is set such that the LED pulses do not interfere with image acquisition. The
following assessments are carried out:
1. Measurement of the wavelength dependence and power (energy) dependence of
the gain after imprinting a ghost,
2. Measurement of the wavelength dependence of the sensitivity decay of various
layers,
3. Measurement and analysis of the MTF, noise power spectrum and DQE.
In the following paragraphs in this subsection, we will present the specific results
of these measurements.
A. Gain
The gain of a detector (scintillator) under test depends on the type, X-ray history,
UV history, irradiation energy, wavelength and elapsed time. In order to reduce the
memory effects of the detector photodiodes to a negligible level, 300 s time is taken
between irradiation and measurements, allowing sufficient temporal decay of both
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multiplicative and additive signals thereof (Overdick [65]). In this reference, less than
0.1 % at 60 s normalized residual gain and less than 0.01 % at 10 s normalized residual
off-set are found after applying reset light. This level is considered negligible. The
scintillator-bound afterglow will have decayed sufficiently as well after this relatively
long interval, and hence can be neglected too. The gain parameter can be isolated now
for the various irradiation conditions.
For the small-format detector type, a ghost is imprinted by locally applying an
X-ray dose of 10 mGy (at 80 kV tube voltage and 20-mm Al pre-filtering) using a
lead slab, which partially covers the detector halfway the six LED arrays (Fig. 3.11).
The emission wavelengths of the LEDs are chosen to cover the near-UV-through-blue
wavelength range. For a 4 × 4 array per wavelength, with a proper LED spacing,
sufficient uniformity is assured. Unfortunately, only commercially available devices
could be used at the time of measuring which dictated the output power per unit current and the spectral width, so that both parameters vary considerably. In Table 3.4,
the spectral characteristics are listed in terms of peak emission, the 50 % output power
wavelengths and the Full Width at Half Maximum (FWHM) values. The aforementioned lay-out allows for measuring gain and contrast at X-ray irradiated zones with
and without UV-irradiated patches. The locations designated with “Ref” are used to
compensate for the concurrent spontaneous gain decay in the X-ray irradiated and
non-irradiated parts of the scintillator. The values found there will be used for calibration of the values in the UV-lit regions. The power/pulse for the six fields can be set
equal and can be converted to a fluence (number of particles per unit area) per pulse.
This approach enables us to compare the gain effects on a suitable basis, later yielding
results on cross-sections and saturation values.
Let us now first look at Fig. 3.14 which is exemplary for the gain effect for (1)
population-only effects for the DUT1 detector with its native scintillator and (2) a
sample of a DUT2 layer with depletion-only phenomena. Measurements are carried
out for varying pulse-widths and at a constant 10-mA LED current. At a constant
frame rate of 7.5 fr/s, the LEDs are pulsed for several hours, in order to achieve an
equilibrium state. A waiting time of 10 minutes is applied to each measurement. The
pulsing is switched off thereafter and 10 images of 1 µGy are acquired and averaged,
in order to achieve sufficient temporal integration and thereby noise reduction. Within
the LED fields, applying spatial integration increases the SNR further and a contrast
resolution of ± 0.1% is achieved. The curves in Fig. 3.14 follow best fits on the
measuring points, using a first-order populating or depleting process (see Sec. 3.2.2).
Both scintillators are lit with the 362-nm array. Fig. 3.15 shows the gain effect for two
wavelengths: 362 nm and 396 nm, using the DUT1 native scintillator on an extended
pulse-width scale. Depletion effects are evident for larger pulse-energies. Again, the
curves represent best first-order fits on the measured data.
A next step yields the gains for the various fields as a function of the irradiating fluence for the two scintillator types: DUT1 (Fig. 3.16) and DUT2 (Fig. 3.17).
These gain curves, in dependence on the fluence, yield the cross-sections and saturation values with the wavelength as parameter, derived according to Sec. 3.2.2 for the
equilibrium state. The results of an image analysis are shown in a scatter plot, relating
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the electron acceptor cross-section and the color-center saturation with wavelength
as a parameter. For electron donor centers, the same relation can be plotted, thereby
allowing a comparison between population and depletion for a particular layer type.
Fig. 3.12 shows the corresponding results for the DUT1 layer, wherein the cluster of
measuring points at the lower end of the scale refers to depletion-only effects and at
the upper end to population-only effects. Fig. 3.13 displays the results for the DUT2
layer. In this figure, the results on depletion-only effects are depicted. The results on
population are omitted, since the effects are negligible, amounting to ± 0.1 % and can
be subject to drift in time. If inserted, they would closely cluster at the origin of the
graph. For both cases, the 632-nm LED is included. No effects could be measured on
either population or depletion, so by definition the 632-nm data point lies at the origin.
The estimated accuracy of the derived results is ± 10% in both coordinate directions.
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Figure 3.12: Color centers associated with an anion vacancy and electron-donor centers
for the DUT1 layer. Plotted are the product of cross-section, anion host-lattice concentration
and scavenging/filling factor versus the ratio of scavenging/filling factor and recombination
volume. The LED peak-wavelength is shown as a parameter. Square data-points indicate a
trap-depletion-only model, rhombus-shaped data-points indicate a trap-population-only model.

For the model, we define n0 and k as constants and compare σ and VR for both
depletion and population, in order to view both effects in one graph. The relative
positions of the wavelength-labeled data points are an indication of the efficacy of
population and depletion.
B. Sensitivity decay of various layers
We have carried out experiments to find effects of co-doping CsI:Tl with Na and Pb.
We have analyzed effects on sensitivity decay without UV/blue irradiance for a num80
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Figure 3.13: Color centers associated with an anion vacancy for the DUT2 layer. The product of cross-section, anion host-lattice concentration and scavenging factor versus the ratio of
scavenging factor and recombination volume. The LED peak wavelength is shown as a parameter. We include data of a trap-depletion-only model. Trap-population data are not included,
since the effect is negligible (0.1 % gain variation).

ber of samples. Prior to gain measurements, the samples are irradiated with a dose of
10 mGy. We have made a number of observations. Samples with Pb-only co-doping
and Na-only co-doping both show a lower initial gain with respect to pure CsI:Tl. The
gain decays at a slower rate for Pb, indicating the presence of deep traps. The gain
reduction for Na-only starts at the same reduced level (reductions up to 30%) and decays faster than for the Tl-only doped layer. For a combined Na and Pb co-doping,
the decay effects are reduced, indicating mutual influences of the three doping constituents in the CsI(Tl, Na, Pb) layer. UV/blue-trap-filling effects upon irradiance are
not found. Concentration-dependent quenching for the Pb donor centers and annealing conditions could play a beneficial role in further reducing the decay effect.
Comparable assessments can be done for the DUT1 and DUT2 samples. The
DUT1 layer shows a two-stage decay of the gain (without UV/blue irradation). It
displays lower initial ghosting (consistent with Na co-doping). The imprinted ghost
contrast remains essentially constant for two hours and decays afterwards at a rate of
1% over the next 20 hours. Deep traps at a level of 1.1 eV are hardly destroyed or
depleted during the first decay stage, which explains the constant level of the gain.
The second stage of very slow decay can be attributed to lower energy traps, 0.6 eV
and 0.8 eV. These are associated with a low Tl content (Wieczorek [59]) and deplete
at a relatively faster rate. It should be noted that the Na-content and the Pb-content
are at least two orders of magnitude lower than the Tl-content (Table 3.6). A strong
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362-nm absorption band has been found in literature and is ascribed to Cs4 PbI6 -type
aggregates formed as quantum dots [93]. We have found a strong absorption at
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Figure 3.14: Detector gain as a function of LED pulse-width for a frame rate of 7.5 fr/s and
a current of 10 mA. Two cases are depicted: population-only for sample DUT1 and depletiononly for sample DUT2. The LED wavelength is 362 nm. Note the limited horizontal scale range
confining the effective display of one dominating effect: population-only or depletion-only.

364 nm for the DUT1 sample. As a possible explanation, ternary micro-phases of CsPb-I may diffuse into the surface of CsI by high-temperature annealing. For the DUT2
sample, the ghost level is higher (consistent with high Tl content) and its decay starts
immediately after the ghost imprint at a rate comparable with the DUT1 sample. The
trap-depth energies cannot be determined due to a strongly varying peak-temperature
following consecutive heating runs as part of the measuring method.
We ascertain in accordance with literature that, even after careful annealing, the
concentration distribution of Pb2+ ions may differ largely from the intended concentrations [93]. Fast thermal quenching (550 o C down to Room Temperature (RT) in
30 min) and annealing thereafter at various temperatures (up to 370 o C for 20 hrs) of
CsI:Pb crystals, results in a considerable reduction of absorption bands (color centers)
and in the appearance of new absorption bands (Babin [94]).
C. Measurement and analysis of MTF, noise power spectrum and DQE
The Detective Quantum Efficiency (DQE) is measured by applying the international
IEC 62220-1 norm [35] for digital detectors using the standard definition of DQE
with linearized images, normalized to quanta per unit area at the detector input (see
Sec. 2.3.6). We use the RQA5 spectrum definition with 21-mm Al-added filtration
with a Half Value Layer (HVL) of 7.1 mm Al. Fig. 3.18 and Fig. 3.19 show the re82
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Figure 3.15: Gain increase vs. pulse-width for DUT1 at 362-nm and at 396-nm LED peakwavelengths, for a frame rate of 7.5 fr/s and a current of 10 mA.

sults on the MTF measurements in the vertical and horizontal directions and Fig. 3.20
depicts the resulting DQE. After acquiring a run of images, the lag effects are compensated while evaluating the power spectra.
The results are virtually equal, minor differences are accounted for by layer inhomogeneities, as the locations of the MTF measurement and NPS measurement patches
on the layer are taken differently for the UV-irradiated part and for a never-irradiated
part. The procedure excludes long-term influences of UV irradiation.

3.4.3 De-ghosting methods
In this subsection we first investigate ghosting/de-ghosting effects induced by X-ray
at the system level, and also reduced by X-ray. The method is followed by ghost reduction through UV/blue-light irradiation.
A. Ghosting/de-ghosting by X-ray
For reference purposes, we assess the remnant contrast with a varying X-ray detector
flat-field dose after imprinting a ghost image. This reference measurement enables to
judge the efficacy of UV ghost reduction. For ghost imprinting, we apply an integrated
dose of 10.6 mGy at a 80-kV generator voltage and with 20-mm Al pre-filtering. For
the purpose of X-ray trap-filling, the horizontal X-ray beam-limiting shutters are stepwise closed, and the X-ray generator is set such that 25 mGy/step results at the entrance of the detector. We apply a tube voltage of 120 kV.
Fig. 3.22 shows the resulting ghost pattern after the step-wise closing of the shut83
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Figure 3.16: Measured gain as a function of fluence per pulse for the DUT1 scintillator.
Depletion-only and population-only data-points are labeled with ‘d’ and ‘p’, respectively. A
modeled gain for both depletion-only and population-only is included as an example.
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Figure 3.17: Measured gain as a function of the fluence per pulse for the DUT2 scintillator,
where depletion-only is depicted. A modeled gain is included as an example.
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Figure 3.18: Vertical MTF of the 362-nm UV-irradiated CsI:Tl layer compared with the nonirradiated layer.
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Figure 3.19: Horizontal MTF of the 362-nm UV-irradiated CsI:Tl layer compared with the
non-irradiated layer.

ters with irradiation intervals in between. The central part (square) displays the imprinted ghost image, confined to the shutter-limited detector zoom field. The bright
part at the right inside the square refers to un-attenuated irradiation, the left part to a
value half of that. The middle grey field in the square refers to a 1.8-mm Cu attenua85
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Figure 3.20: DQE of the 362-nm UV-irradiated CsI:Tl layer compared with the non-irradiated
layer.

tion. The horizontal patches show the effect of increasing flat-field X-ray irradiation
after the ghost imprint. Fig. 3.23 shows the results of the ghost contrast at the transitions of Pb-to-Cu and Pb-to-air. The latter transition shows the highest contrast,
due to an integrated un-attenuated radiation value of 10.6 mGy. The former transition
yields half of that value. A fourfold reduction in remnant contrast has been achieved.
We have measured a remnant contrast value between 0.5 % and 0.3 % for the Pb-to-Cu
transition at 100 mGy detector dose. These values are found by averaging two contrast
values in the equal-dose patches in the upper and lower part of Fig. 3.22. Since the
previously mentioned percentages are at the border of visibility of remnants, we have
adopted the value of 0.3 % also as a reference for an X-ray de-ghosting procedure. A
second upper reference is set by the outcome of the case without X-ray irradiation,
which was found at 1.3 % and adopted for de-ghosting accordingly. These two reference values can be used for the interpretation of the efficacy of the UV/blue-light
trap-population procedure.
B. De-ghosting by UV/blue light
Let us first briefly discuss the illumination system as shown in Fig. 3.24. An array of
Surface Mounted Device (SMD) LEDs (Fig. 3.25) irradiates the CsI:Tl scintillation
layer through the glass substrate. The LED pitch is chosen such that a maximally flat
irradiation pattern on the scintillator layer is guaranteed.
We use a large-area detector with a LED-irradiation coverage in two halves. First,
we assess the wavelength dependence for two wavelengths, 362 nm and 396 nm, while
employing an optimal LED equilibrium-power setting for contrast reduction after imprinting a ghost. A second experiment involves the X-ray-irradiation dependence of
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Figure 3.21: Imprinting a ghost by X-ray. Left: usage of Pb and Cu slabs for a patch-wise
imprint for 2D measurement purposes. Right: a 22-cm square-field imprint on the detector
mimicking a skull attenuation (1.8 mm Cu), a lesser attenuation by 0.3 mm Cu and a skull-toair transition. This lay-out serves 3D imaging.

Figure 3.22: System-level ghost imprint and step-wise reducing its magnitude by X-ray irradiation thereafter (horizontal patches). The vertical bars are ghosts.

imprinted ghosts and the effectiveness of de-ghosting. A third experiment concerns
the analysis of noise power spectra for an irradiation with 362-nm light in order to assess system DQE effects. A fourth and last experiment is carried out for evaluating the
uniformity of the LED irradiation. In our proposal, a regular LED refresh-light array
(Rütten [95]) in the large-area dynamic detector, is interleaved with the LED arrays.
The array irradiates the scintillator through transparent parts of the detector substrate.
For system testing, the two wavelengths are found by pre-selection experiments in
order to find two extremes: (1) the most effective (short) wavelength for ghost prevention at a given optical irradiation energy, and (2) a less effective higher wavelength.
The latter wavelength has been chosen for a higher output power at a given current,
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Figure 3.23: Contrast measurement results after imprinting a ghost and reducing its magnitude
by X-ray irradiation thereafter. Upper curve: contrast imprinted at the Pb-to-air transition.
Lower curve: contrast imprinted at the Pb-to-Cu transition.
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Figure 3.24: Layout of LED illumination.

despite its reduced effectiveness. The two LED arrays are distributed over the upper
and lower half of the detector. One method for back-lighting uses a continuous-wave
mode for a short period of time. This mode may be regarded as a curative method
when applied after ghost imprinting, or as a preventive method when applied initially.
In an alternative mode, the CsI:Tl layer is lit by pulsed UV light for a longer period
of time, synchronously with the imaging frame rate. The latter technique is exploited
as a ghost-prevention method: the key is the continuous filling of traps by UV light,
which prevents filling by X-ray-generated charges. To prevent a visual influence of
the UV back-lighting, it is active outside the read-out or X-ray window of the detection cycle. In the following, we will first discuss the pulsed method using the detector
only. Second, we will discuss the method at the system level.
Pulsed method using the detector only
For experimental testing of the pulsed concept, the detector is X-ray irradiated with
a number of patches, stepped from the right to the left (see left part of Fig. 3.21),
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Figure 3.25: Photograph showing part of a LED array.

each at an accumulated detector dose as encountered in longer vascular interventions.
To this end, an integrated dose of 10.6 mGy is applied, at a 80-kV generator voltage
using 20-mm Al pre-filtering. Transitions at the left side of the patch are air-to-Pb
transitions. At the right side, a 2-mm Cu-to-air transition mimics an average skull
density. One experiment per day is carried out. Every ghost imprint is preceded by an
irradiation with pulsed UV light, during 15 hours. Shortly after the ghost imprint, the
detector is flat-irradiated with a number of low-dose exposures (1.0 µGy, at 70 kV and
20-mm Al pre-filtering) and read out upon regular gain and off-set calibration steps,
which are typical conditions for detector usage. The UV irradiation is stopped 5 minutes prior to reading out the detector. In order to increase the contrast measurement
accuracy, a number of images are averaged, thereby increasing the SNR. Contrasts are
measured at the left-hand patch transitions. This procedure is repeated for a number
of pulse-widths at a constant peak LED current. In this way, the dependence on UVpulse energy can be assessed. By measuring the contrast in the consecutive imprinted
patches after a number of days, also the remnant contrast can be assessed as a function
of elapsed time. As the detector is covered by a thick lead slab, stepping to the left
with the transition ensures that new ghost-free parts of the detector are used. The influence of wavelength with reference to the non-irradiated case (X-ray) can be found
as well.
Fig. 3.26 shows the results of the contrast measurement for an experiment with
varying pulse-width. The two wavelengths are shown with their effects on ghost reduction. A steep decrease in remnant contrast can be observed for an increasing irradiation pulse-energy. The effect is countered at larger energies. The counter-effect
is larger for the 362-nm wavelength LED (the results are displayed for the same LED
current, the energy scale should be interpreted as being different by a factor of 10
higher for the higher wavelength). Although the energy for 396 nm is much higher,
the ghost reduction is a factor of 2 better in case of the shorter wavelength. For ref89
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Figure 3.26: Detector contrast as a function of LED pulse-length for a frame rate of 7.5 fr/s
and a current of 10 mA. Two cases are depicted: 362-nm peak wavelength and 396-nm peakwavelength. Here the scale range is extended, showing depletion as the concurrent countereffect which is effective for higher irradiation energies.

erence, the remnant ghost level in case of no-trap-filling is included (1.3% for this
particular case). The remnant level upon X-ray trap-filling by flooding the detector
with a dose of 100 mGy amounts to 0.3% (see the reference measurement results on
X-ray trap-filling in Fig. 3.23). The UV trap-filling can reach the same quantitative effect as X-ray trap-filling. The plot includes best-fit curves according to the first-order
contrast model (see Sec. 3.2.2).
Fig. 3.29 portrays the results on remnant ghosts as a function of elapsed time during five days. The brighter vertical patch at the left side represents the “fresh ghost”
at Day 0. Four horizontal patches can be discerned. Five measuring points refer to
stepping to the right in the image and thus stepping back in time into history: the trap
emptying of the scintillator results in erasing memory and thereby reduces remnant
contrast. For the non-UV irradiated case, contrast diminishes steeply when stepping
back in time one day, but remains visible even after four days. In case of 362-nm irradiation, contrast is appreciably reduced at Day 0 and history is virtually erased after
Day 2. For the less effective wavelength (396 nm), irradiation hardly reduces remnant
contrast at Day 0, but history is erased largely after one day. The numerical results
of the contrast decay are shown in Fig. 3.30, where the estimated resolution of the
measured contrast is 0.1 %.
System testing
As an experiment, we have employed the modified detector in a commercial vas90
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cular imaging system, equipped with 3D imaging software. On the one hand, ghosts
are imprinted by applying a small-format zoom mode (diagonal 22 cm), in order to
create transitional ghosts at the shutter edges and on the other hand, the zoom field
is partially covered with a 1.8-mm Cu attenuation, thereby mimicking skull transitions. As indicated at the right part of Fig. 3.21, the left region between shutter and
the central 1.8-mm Cu attenuation is covered with 0.3-mm Cu, giving out half the
value of the direct exposure at the right part. Using automatic exposure control for
a number of runs distributed over time, we imitate a prolonged vascular intervention.
The tube voltage is set at 80 kV. The un-attenuated integrated detector dose amounts
to 10.3 mGy. Upon imprinting a ghost image, a 3D run with an empty volume is acquired using a proper beam attenuation, to ensure a correct detector working point.
Finally, a 3D reconstruction of the empty volume is performed. First, we discuss a
continuous-wave method and second, we evaluate a pulsed method for de-ghosting.
a. Continuous-Wave method (CW). In this case, a mere qualitative system test is carried out in order to assess the feasibility of the curative method, by applying an UV
dose in a CW mode after imprinting a ghost. The ghost-imprint procedure is similar
to the pulsed method. Irradiation conditions are similar to the pulsed method. In order
to test flooding of the detector with a large UV dose, the 362-nm wavelength LEDs
are operated in a CW mode. The LED array is activated during 10 secs at a current
of 20 mA. Fig. 3.31(a, b, c) shows the results on de-ghosting, 5 minutes after the UV
irradiation is shut off. Reconstruction of flat images is achieved at the same settings
as in the pulsed mode. The images are displayed at the same window width/window
level. Fig. 3.31(c) shows the results at a slightly different spatial scale, due to a different zoom setting after rendering the slices.
b. Pulsed method. Fig. 3.27 displays the reconstruction result of empty projection
images after a ghost imprint. At the right part of (a), the scintillator is irradiated by
UV at optimum irradiation, whereas the left part is not. The outer dark lines are due to
ramp-filtered shutter transitions which are imprinted. The transitions become blurred
by focus projection. The inner brighter lines are due to 1.8-mm Cu-to-air and [1.8mm Cu]-to-[0.3-mm Cu] transitions. The improvement as shown at the right part of
the image is obvious. Fig. 3.27 (b) and (c) show transverse planes through the left
and right parts of (a), respectively. The images are displayed at the same window
width/window level, after rendering the slices.
For a qualitative comparison with X-ray de-ghosting, Fig. 3.28 depicts the remnant
contrasts after an extended X-ray intervention (hours). In this figure, sub-figure (c)
gives the best results with the lowest remnant contrast supported by a double irradiation. Sub-figure (d) comes close to this performance with UV-only irradiation and
a small remnant of 0.4 %. For reference, sub-figure (b) offers 0.3 % contrast using
X-ray only.
For this de-ghosting method, we finally discuss the influence on system noise.
For a large number of carriers per absorbed quantum, CsI:Tl produces 65,000 photons/MeV, so that the high-dose DQE is expected not to be affected. The detector
sensitivity is larger due to trap population, or slightly lower due to trap depletion-only
and it will not result in a notable reduction for lower dose levels (fluoroscopy lev91
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Figure 3.27: Imprinting a ghost and reducing its magnitude by pulsed UV irradiation: (a) Flatfield reconstruction in a coronal slice without UV irradiation (left part) and optimal pulsed UV
irradiation (right part). (b) Transverse slice through the left part of (a). (c) Transverse slice
through the right part of (a).

Figure 3.28: System-level comparison of remnant contrast of ghost images at the Cu-air transition imprint, produced as a mimicked intervention X-ray load, including exposures and fluoroscopy during several hours. (a) No irradiation: 1.3 % contrast. (b) X-ray irradiation of
100 mGy: 0.3 % contrast. (c) X-ray and optimal UV irradiation at 396 nm: 0.2 % contrast. (d)
UV irradiation only at the optimum of 396-nm irradiance: 0.4 % contrast.

els). We will prove by noise measurements in the frequency domain, that the noise
in an UV-illuminated part of a detector is essentially the same, compared to that in a
non-illuminated part. At the detector level, this proof has already been given by DQE
measurements and at the system level, noise sources are not likely to be added.
For an experimental assessment, we use the same ghost-imprinting procedure by
using the Cu plates and will analyze the noise behavior in the attenuated part (1.8-mm
Cu), mimicking a skull attenuation. To this end, the reconstructed slices formatted
in a 2563 cube, are shifted for 1 voxel-pitch in the axial direction and divided by the
original stack of slices. This procedure essentially removes low-frequency patterns
and leaves us with a (partially) correlated dynamic noise pattern, thereby allowing the
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Figure 3.29: Image of decay of hysteresis (bright burn) as a function of historical elapsed
time for the following cases. Top: no UV irradiation applied (No UV), upper middle: the
high wavelength (396 nm), lower middle: the low wavelength (362 nm), bottom: no irradiation.
Going to the right is equivalent to increasing history, thus going back in time in 24-hr steps.
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Figure 3.30: Decay of hysteresis (bright burn) as a function of historical depth in time for the
cases: no UV applied (C no UV), the low wavelength (C 362 nm) and the high wavelength (C
396 nm).

comparison between the two illumination conditions. For the 396-nm LED illumination, we apply 20 mA at a pulse-width of 100 µs with 30 fr/s for a period of 4 hrs.
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Figure 3.31: Imprinting a ghost and reducing its magnitude by continuous UV irradiation.
(a) Flat-field reconstruction in a coronal slice without UV irradiation (left part) and CW UV
irradiation (right part). (b) Transverse slice through the left part of (a). (c) Transverse slice
through the right part of (a).

Figure 3.32: Dynamic noise pattern. Upper half: 396-nm UV-irradiated part. Lower half: not
irradiated. The bottom rectangle refers to a 32 × 32 selection of the voxels.

The illumination is switched off and an acquisition is carried out after 5 mins. waiting
time. Fig. 3.32 shows the result of a Fixed Pattern Noise (FPN-) corrected flat image
in an axial plane. For a 323 selection, in the top part and in the bottom part, we have
applied the Fourier transform and the power spectra are determined. The spectra are
tangentially integrated in the coronal plane and 5 slices are averaged in the axial direction, all in order to reduce noise on the spectra. Integration of the spectra yields the
total noise power and the ratio of that between the top and bottom part of the image
becomes 1.15. Upon correction for the heel effect at the measurement position for
a central slice of the 323 selection, the ratio becomes 1.02. For the same locations,
also the ratios of the relative variances can be determined, to deliver, upon heel-effect
correction, the (redundant) result of 1.025.
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3.5 Measurement and analysis of lag
Although the main subject of this chapter is dedicated to long-term hysteresis effects,
lag or afterglow cannot be disregarded, since trapping effects act as a double-edged
sword: depleting traps may yield afterglow. If afterglow is not produced, a nonradiative recombination takes place.

3.5.1 Long-term effects of lag
Experiments with illumination at 7.5 fr/s during an interval of 300 secs. and a current
of 1 mA for the 396-nm LED reference, show (low) lag effects. This effect is caused
by a convolution of two individual lag effects from the scintillator and photodiodes,
after switching off the X-ray irradiance. For the DUT1 layer, the 362-nm LED induces
the least (negligible) effect after 120 secs. For the DUT2 layer, the effect is different:
the 467-nm irradiation results in afterglow, while the other wavelengths give negligible effects. Another experiment is carried out using a diffuse white reflecting layer
consisting of BaSO4 , supplanting the scintillating layer. This isolates the photodiodes
so that the lag effect can be separately evaluated. After 80 secs. of equal power illumination as defined above, the long-term lag of the photodiodes illuminated by any LED,
is at a level of equal or smaller to 1 LSB. This outcome reinforces our assumption that
on a minutes scale, the photodiodes trap-effects have evanesced.

3.5.2 Short-term effects of lag
For the 362-nm illumination, we have measured the short-term integral lag up to
10 secs. at 30 fr/s, after a long sequence of X-ray pulses at 30 fr/s with a 7-ms pulsewidth. The regular optimized back-lighting for photodiode hysteresis reduction is
switched on. With sustained frame-synchronous UV irradiation, X-ray pulses are
given and after switch-off, the response in the successive frames is measured, normalized to the original X-ray pulse height.
We have observed that a large part of the measured response is simply governed
by the physics of the photodiodes. Still, after UV irradiation, the lag with respect to
the maiden condition is reduced up to a factor 3.3 already at 1 sec. after aborting the
X-ray irradiation to attain a level of 0.06 % at that moment(see Fig. 3.33). Below this
level, the measurement accuracy is not sufficient to draw firm conclusions on values
at a multi-seconds scale. The first-frame lag (33 ms) amounts to 0.86 % compared
to 1.4 % for the non-irradiated case. The latter percentage level approaches figures
reported in literature for small pulse-widths and -heights (Overdick [65]). Fig. 3.33
shows only the 362-nm illumination. The 396-nm patch is not actively irradiated and
used as a reference. In case of irradiation, the inherent imprinted history of the patch
deteriorates the outcome. As shown in Fig. 3.33, even after 4 months of rest, there is
still a response difference with respect to the maiden state. Future experiments will
give results on the individual lag components of the scintillator and photodiodes, by
de-convolution in the time domain.
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Figure 3.33: Three curves for a (1) lag measurement at 30 fr/s and a 7-ms X-ray pulse-width
for the maiden layer, (2) 4-months old UV irradiation and (3) sustained equilibrium (optimum)
UV irradiation at 362 nm. The response upon switching off the pulsed X-ray irradiation is
shown normalized to the signal height.

At the system level, noise measurements indicate a slight but measurable increase
at the physical upper half of the detector, which is illuminated by the 396-nm LED
array. This outcome points at a decrease of the integral system lag, which must be
attributed to UV illumination. At higher frame rates, the reduction of lag is advantageous and will become apparent as a visual decrease of streaks and comets in the
image.
A UV bias applied to the photodiodes can also increase the sensitivity which
should be investigated further (optical bleaching in hydrogenated amorphous silicon,
Ganguly [96]). An alternative outcome of the applied bias may be a dark-current
reduction related to reduced dangling bonds (Si-H) (Staebler-Wronski effect [97]).
However, also a possible long-term photodiode degradation should be investigated.

3.6 Discussion
3.6.1 Correlating scintillator, detector and system spectral effects
Given the results at the scintillator level (detector level) and at the system level for
various wavelengths, the optical effects can be correlated, using the results of the experiments in this chapter.
A. Qualitative and quantitative chemical analysis for two scintillator layer types
For the two particular layers under test, a significant amount of material other than Tl
is found for the DUT1 sample. The Na content as well as the Pb content is appreciably
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lower than the Tl content, which is at a generally accepted level of 0.04-0.07 %. Both
elements are at a concentration level that is approximately two orders of magnitude
lower than the concentration of Tl. For the Tl concentration, the photon yield is optimum and the Tl-related traps are at a relatively low concentration level. The Na+ ions
contribute to an enhanced radiation immunity, leading to a reduction of color-centers.
The Pb++ ions act as electron-donor centers, which fill the color centers and thereby
reduce the hysteresis. Filling the traps has the side effect of an increased sensitivity
and a reduced afterglow, if the excitation wavelength is chosen properly, thish will be
shown later. On the other hand, the DUT2 layer contains an order of magnitude larger
amount of Tl, so that concentration quenching will occur and the amount of Tl-related
traps is increased with respect to an optimum doping. The two layers act in a dual
way. First, DUT1 contains the least amount of deep traps and these may be populated
through UV-generated electrons supplied by Pb++ ions. Second, DUT2 contains a
large amount of traps (color centers), which can be depleted by a properly chosen
blue-light irradiance. The latter action comes with a small decrease in sensitivity and
an increase in afterglow. The above explanations are reinforced by the outcome of
various experiments.
B. Spectral effects
The table plotted in Fig. 3.34 relates the absorption bands and their relative Optical
Density (OD) multiplied by 1000, found by our experiments and the bands found in
literature for Tl-doted CsI and Pb-doted CsI. Let us now elaborate further on this. If
not allocated to generally known absorption bands for CsI:Tl, a band is designated
as “Additional” in the table. This matrix is completed by the emission characteristics
of the various LEDs. The top block describes the DUT1 sample with its population
and depletion effects at the matrix positions colored grey for Pb-associated effects,
blue for Tl-associated effects and red for possibly both elements. The question mark
in the red blocks indicates our uncertainty about what happens in that situation. The
bottom part of the table describes the DUT2 sample with its depletion-only characteristics. All experiments are displayed for the 2J /cm2 irradiance. With this analysis
along 4 axes, the results found on cross-section and saturation can be correlated with
(a) the absorption foot-print (first three columns), (b) the absorption band found in the
literature (second and third row at the top of the table plotted in Fig. 3.34) and (c)
the spectral emission characteristics of the LED arrays (last four columns). The matrix positions can be discussed in terms of cross-section and saturation. We start with
DUT1 absorption bands and population (upper part of the table), followed by DUT1
absorption bands and depletion (middle part of the table) and then DUT2 absorption
bands and depletion (bottom part of the table).
DUT1 absorption bands and population. The first UV absorption band appears at
356 nm and confirms the values found in literature. For this layer, the OD is lowest
in the range of interest (OD=1) and strongly opposed to the value found for DUT2
(OD=5). The 362-nm irradiance has hardly any effect here, which is substantiated by
the cross-section/saturation findings in Fig. 3.12. However, the second band at 364 nm
is strongest (OD=6) and is correlated with the absorption band found for CsI:Pb in literature (an average of 361, with a range of 357-365 nm). The LED emission arouses
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a strong population with both cross-section and saturation at a high level. For this
excitation spectrum, the distance between depletion and population is maximal. The
382-nm band, also referred to as “Additional”, coincides with a Pb band again and
delivers, for its low OD, a high cross-section and saturation value. For the 394-nm absorption band, with an an OD=2, no evidence is found in literature. Although lacking
this reference, still excitation with the 396-nm LED emission yields an appreciable
cross-section and saturation. It excites also in its counterpart for depletion, for which
a color center related to CsI:Tl is responsible. A third additional absorption is found
at 414 nm and evidenced in the literature. It is excited by the 423-nm LED, which
has a very broad spectral width. The cross-section and saturation are the highest. The
following two bands at 430 nm and 444 nm are of no interest for the current experiments, since they are not covered by any of the chosen LED emissions and are not
designated as Pb centers in literature. The 470-nm band, being excited in the 467nm LED-emission band, delivers the lowest cross-section, but can still reach a high
saturation. It is not efficient in trap filling, but rather in trap depletion, which is the
dominating process. The absorption band is the highest, also in an absolute sense, as
shown in numerous articles. Two bands remain, which lie outside the range of interest. The 632-nm LED emission in the red part of the spectrum has no effect on trap
filling or trap depletion. The absorption difference upon pre-irradiation using broadband light is virtually zero.
DUT1 absorption bands and depletion. For the depletion effect, the first absorption
band with its low OD has no meaning for the 362-nm irradiation, which is confirmed
by the gain measurements and the associated cross-section and saturation values as
shown in Fig. 3.12. The gain curve even shows a concurrent small extra population on
top of the through X-ray populated traps, due to the 364-nm absorption band, followed
by a small depletion connected with the 356-nm band. The values lie in the range of
± 0.2 %. The 382-nm band is excited by the 383-nm LED emission, resulting in an
appreciable cross-section and saturation, this band coincides with the Pb-induced absorption band. For the 394-nm band, the 396-nm LED emission is active and yields
a comparable cross-section and saturation. The 414-nm band (“Additional”) has a
low response in terms of saturation, which can be accounted for by the concurrent
population brought about by the tail of the broad band 423-nm LED excitation, the
Pb-induced band of 414 nm. The 430-nm band receives the larger portion of the 423nm LED emission, resulting in a steep fall-off of the gain, immediately followed by
the aforementioned compensation through the Pb-induced band of 414 nm. The firstorder fit will not separate the concurrent effects. A small-bandwidth excitation would
give a higher resolution for separation. However, at the time of the experiments, such
LEDs were not available. The 444-nm band has no meaning for the available excitation bands. The 470-nm absorption band is fully excited by the 467-nm LED array
and yields the highest cross-section and saturation for depletion. In the plot, this point
has the shortest distance with respect to the population-related cross-section with its
extremely low value. This excitation regime would be the least attractive in terms of
hysteresis reduction for this particular layer. The 632-nm excitation has no measurable effect on trap depletion, again evidenced by a negligible relative OD.
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DUT2 absorption bands and depletion. For this particular layer, no trap-filling effects
can be found at all. Fig. 3.13 shows the particulars on trap depletion: the first regular,
Tl-related absorption band at 356 nm, is partially excited by the 362-nm LED emission
spectrum. This emission also excites a next low absorption peak at 370 nm, resulting in a moderate cross-section and saturation value. The 383-nm emission partially
serves this band and to a large extent the next 386-nm band. This combined excitation
yields a high cross-section and saturation. The following band at 400 nm (“Additional”) is excited with the 396-nm LED and shows a lower cross-section/saturation
combination, which slightly deviates from the other points and tends to have a linear relationship. The 414-nm band, not mentioned in literature for Tl-doped CsI, is
partially excited by the 423-nm emission, but may not be a color center. The 426nm band can be related to the 430-nm color-center band and correlates with a high
cross-section and saturation at the same level as the 383-nm data-point. The next two
absorption bands at 464 nm and 474 nm, are excited by the 467-nm LED emission and
provide the highest depletion of all spectra which is in accordance with the high relative absorption as measured and is also found in literature (Fig. 3.9). For Tl-related
defects, an absorption increase is expected for an increased Tl concentration (Chowdhury [81]).

Scintillator optical excitation and emission spectroscopy. A large Na content is evident from an extra emission at 315 nm, superimposed on the regular emission of
CsI:Tl for the DUT1 sample. A large Tl content can be connected to the DUT2 sample, indicated by a shift of the UV absorption edge to 335 nm. The sample sensitivity
is a factor of two lower as compared to the DUT1 sample.
Thermoluminescence spectroscopy for two scintillator layer types upon monochromatic UV illumination. An analysis reveals deep Tl-associated traps for in-house made
CsI:Tl samples having an energy of 0.6 eV. For CsI:Tl,Pb samples, even deeper traps
are found: 0.68 eV and 0.8 eV. The DUT1 sample shows traps at approximately 0.6 eV
and 1.1 eV. For the DUT2 layer, an analysis is impossible, as the results are extremely
unstable for successive heating ramps from room temperature to 300 o C.
Thermoluminescence (TL) spectroscopy for the two scintillator layer types upon broadbandlight illumination. In this case, an intense broadband-light treatment (at 30 J/cm2 ) of
the samples, results in a reduced TL intensity for the DUT1 sample, indicating the destruction of traps. At the lower intensity of 2 J/cm2 , the emission remains unaltered.
For the DUT2 sample, new traps are created at an extreme rate of almost two orders
of magnitude higher for the 30-J/cm2 pre-irradiation and a factor of three higher for
the 2-J/cm2 pre-irradiation, which is in accordance with the high Tl content.
C. System-level gain (contrast) effects for two selected LED spectral emissions
Clearly, a gain increase and ghost-contrast reduction are connected and the efficacy of
the 362-nm LED irradiation brings about levels reached by X-ray trap filling (0.3%).
An optimum equilibrium irradiation is reached at a fast rate, which occurs at low
irradiances for the 362-nm LED. The decline of the contrast reduction is only mod99
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erate for this case, all in accordance with the population and depletion properties, as
indicated in the cross-section and saturation plots. A comparable reasoning can be
exercised for the 396-nm irradiation. With respect to the modeling of the contrast
as a function of the irradiance fluence, we find deviations of +0.08 % maximum and
-0.06 % minimum, which we consider as a good result (see Fig. 3.26). We explain
this result by the fine resolution of the contrast measurements and the validity of the
first-order approximation of the population and depletion processes.
D. Long-term and short-term lag at the detector level
From the set of six wavelengths, the 362-nm wavelength induces the lowest lag (negligible) of all on the long term (after 2 mins.) for the DUT1 layer. For the DUT2
layer, the 467-nm irradiation produces the largest lag, while the other wavelengths
result in a negligible effect after 4 mins. of time. Either deep traps are responsible, or
a non-radiative recombination takes place. The deeper the traps, the longer it takes to
empty them. As a special case, the short-term lag of the 362-nm irradiation shows a
remarkable reduction with respect to the maiden state of the layer, starting from the
first frame. This behavior may be advantageous for high frame-rate applications.
E. Cross-sections and saturation
For sample DUT1, an approximately linear relationship between cross-section and
saturation for a number of data-points is evident, either for depletion or for population (Fig. 3.12). Two deviating points at 396 nm and 467 nm and one remarkable
point at 362 nm, draw our attention in Fig. 3.12. The depletion-inducing LED spectra at 396 nm and 467 nm largely coincide with the absorption (color) centers found
at 394 nm and 470 nm. They will counter the effect of population, as is shown in
extreme by the 467-nm point. Although suppressed by co-doping with Na, these centers are still moderately active, as can be seen in the cluster of depletion-only points
related to the color-center absorption bands for CsI:Tl. For population-only, the saturation values are approximately equal compared to the cluster of 362 nm, 383 nm and
423 nm, but differ in cross-section values. At the 467-nm wavelength, the population
appears to be least efficient as cross-section is concerned. For the population-only
cluster of 362 nm, 383 nm and 423 nm, the LED spectra coincide with the absorption
bands found by our absorption measurements at 364 nm, 382 nm and 414 nm, which
are also found in literature, equalling 361 nm, 383 nm and 413 nm for CsI:Pb. The
423-nm point is probably connected to an aggregate absorption band of CsPbI3 [94].
Although shifted in peak wavelength, the 423-nm point is still effective due to its
broad excitation spectrum, thereby still exciting in the 414-nm absorption band. The
362-nm LED wavelength, exciting the 364-nm band, which has the largest OD with
respect to the base absorption, is very effective, since it is not hindered by concurrent
depletion at 356 nm. Its cross-section and saturation values for depletion are virtually
zero. The prominent conclusion of the previous discussion can now be formulated as
follows.
By exciting the 364-nm band, the distance between concurrent population
(creation) and depletion (destruction) is the largest.
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The susceptibility for generating color centers in the 356-nm absorption band is
very low in this Na-co-doped scintillating layer. For the heavily Tl-doted DUT2 layer,
the opposite behavior is found. This scintillator is susceptible for radiation damage
connected to electron and hole traps as a stable localization of carriers at Tl+ or even
stronger near Tl+ dimers and increases with its concentration (Nikl [98]). Again a
cluster is found for 362 nm, 383 nm and 423 nm. The 396-nm and 467-nm points
can be allocated as known absorption bands. The population of traps by electrons is
shown to be negligible, as proved by measurements and therefore, the corresponding
data-points are not included in Fig. 3.13.

F. Noise, MTF and DQE measurements at the detector level
It may be assumed that DQE0 is not enhanced or reduced, since the yield in optical
photons is only marginally increased or decreased and does not override the statistics that are primarily ruled by the X-ray absorption process. An explanation for this
assumption is that the gain change takes place in the second step of the scintillation
mechanism involving charge transfer towards the luminescence center. A reduction
of the scintillation efficiency by radiation damage will not occur in the first step of
the process. The third and final step, involving activation of the luminescence centers
and the corresponding production of photons thereafter, will not be affected and the
quantum yield in this mechanism remains close to unity, as usual for Tl-doped CsI.
Hence, as far as MTF2 and noise power spectrum are concerned, their normalized
ratio will not change, if the minor change in transfer efficiency is homogeneously distributed across the depth of the scintillation layer. Overall, the spatial image quality
of the detector will not deteriorate. For minor changes in gain, as encountered for
the Devices Under Test, the detection statistics are not influenced, neither in MTF,
nor in DQE (the DQE measurement is performed with lag compensation). However,
a system-level noise analysis for the 396-nm LED emission reveals a very small increase in noise power spectra upon UV irradiation and indicates a reduced lag.
G. Joint analysis at microscopic and macroscopic level
With a joint analysis of the separate measurements, where we relate IQ effects and
UV/blue irradiation both at a macroscopic level and a microscopic level, we find consistent and enclosing views on the scintillating matter behavior. Modeling offers a tool
to design an imaging subsystem with reduced memory effects. Repeated experiments
on various detectors with the same type of layer, show a reproducible behavior. The
effect of UV light in creation of radiation damage of CsI:Tl crystals has been described
by e.g. Trefilova [79] and Woody [45] and annealing or bleaching by Yakovlev [46]
and Zhu [99]. Zhu [100] also discusses the effects of creation and annihilation of traps
as a coexisting process in CsI:Tl. According to this literature, trap filling by near-UV
excitation must be excluded for pure CsI:Tl. In our case, we find evidence for a process of trap filling by photo-generated electrons produced by an auxiliary electron
donor. The action is concurrent and competing with draining of traps by an intermediate step of color-center creation. An equilibrium is obvious, which depends on the
X-ray history, the optical illumination energy and wavelength, where the trap-filling
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rate and the color-center creation rate are constant. Evidently, all these factors depend
on the composition of the material. The effect of UV irradiation proves to be comparable to accumulated high-dose X-ray radiation, where trap filling is accomplished.
A minor trap-creation effect is observed, in magnitude depending on the excitation
wavelength, indicating the formation of color centers. A strong dependence on wavelength exists: the efficacy of ghost prevention is largest for the near-UV range around
364 nm. Trap depletion will dominate the population for higher wavelengths. At optimum settings, the remnant ghost contrast is reduced considerably. At the same time,
the overall sensitivity of the detector increases due to nearly saturated trap filling.
By saturated trap filling, the result of the method will be virtually independent of the
range of trapping levels, produced in prolonged vascular interventions. Pre-irradiation
followed by sustained pulsed irradiation, can be used as a design solution. It should
be borne in mind that assessing the performance of the entire detector includes the
assessment of the photodiodes with their UV sensitivity and associated trapping behavior. A further disentanglement of the various effects should be subject of future
investigations.

3.6.2 Summary and overview of the optical model features
In Table 3.8, the various effects of creation, destruction, population and depletion for
traps are listed for the electron acceptor and electron-donor centers. All processes
take place concurrently and are based on optical, X-ray and thermal activation. A description of the combined effects based on rate equations, would be a formidable task
and would not serve the purpose of the research, which concentrates on the relation
between IQ and hysteresis, based on photochemical processes. Nevertheless, the equilibrium states of the processes, with their large time-constants, up to days, warrants a
quantitative characterization by using the Stern-Volmer relation.
Table 3.8: Overview of trapping and the optical (o), X-ray (x) and thermal (t) destruction effects
on Tl-related traps in terms of population and depletion.

Creation
Destruction
Population
Depletion

UV/blue
color center

UV/blue
color center

X-ray
color center

e-acceptor
o
t

e-donor
o
o/t
o
t

e-acceptor
x
t
x
t

o

Table 3.9 at the end of this chapter, shows an overview of the main optical features and their allocation to compounds or elements. It displays the emission and
absorption features for the low and high concentrations of Tl+ . For the DUT1 layer, a
slight improvement may be set by more selectively exciting the Pb-absorption center
at 364 nm with a small bandwidth irradiation, thus reducing excitation of the color
centers at 356 nm. The contrast increase would be reduced accordingly. If a negligi102
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ble excitation could be accomplished, a further reduction would be expected towards
a remnant contrast of 0.2 %, which would remain constant for higher fluences. Such
a measure comes at the expense of exactly setting the peak wavelength of the LED
emission at the required wavelength and further reduction of the FWHM would be
necessary. A further decrease of contrast can only be expected by optimization of the
layer in terms of activator concentrations and annealing procedures, such that crosssection and saturation would be increased. An increase of the cross-section will not
lead to a significant reduction, but the equilibrium would be reached for a lower fluence. An increase in saturation could be attained, though. From a design point of
view, this would be less attractive, since a remnant contrast of 0.3 %, an equivalent of
3 HU, can be removed by algorithmic means (see Chap. 2).
Finally, Fig. 3.35 shows a flow diagram of the combined mechanism of scintillation, hysteresis and afterglow. The elements in dark shades of gray depict the supply
of electrons or scavenging electrons to and from deep traps. The light shades indicate
the production of optical photons or radiation-less effects.

3.7 Conclusions
In this chapter, we have studied the reduction of ghost images for flat-detector X-ray
systems by using near-UV and blue-light irradiation. We have devised a method for
reducing hysteresis effects by at least a factor of 4 in a CsI:Tl-doped scintillator. This
approach can be used in a commercially available large-area flat X-ray detector. For
reduction of the sensitivity for ghosting, we use back-lighting of the scintillator layer,
employing LED arrays. Our proposal combats the ghosting problem at the root where
it is generated: the sensitivity variations due to memory effects across the detector
field are countered by saturated trap filling through UV, or trap depletion by blue
light, respectively.
We have tested two layers which exhibit a dual behavior: trap population-only and
trap depletion-only. We indicate possibilities for hysteresis reduction by, either trap
population using a 364-nm excitation for a CsI:Tl,Na,Pb layer, or trap depletion for
a heavily Tl-doted CsI:Tl layer at 464 nm. If other aspects like lag should be taken
into account, the trap depletion is less attractive. A Tl-only doping of CsI results in a
hysteresis reduction by trap depletion only, but comes with an afterglow, as opposed to
a layer with auxiliary Na and Pb ions. The effect of previous irradiation differences in
space and time and the effect on associated partial filling of deep traps are reduced to
a large extent. Both continuous-wave and pulsed irradiation by UV light have reduced
ghost patterns below the levels of contrast resolution, as encountered in flat-panel
cone-beam 3D imaging.
We have modeled the process on a microscopic qualitative level and on a macroscopic quantitative level and found that an optimum UV-irradiation fluence exists. In
a competing mechanism, electron-scavenging color centers are activated along with
electron-producing centers. An optimum wavelength at 364 nm has been found, which
maximizes trap population and minimizes trap depletion. Based on our experiments
and literature study, we assume a reduction of color centers by adding Na as a codopant, which effects a virtually population-only process by Pb as an electron donor.
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The surge of electrons of the Tl-bound traps towards deeper traps is obstructed by a
potential barrier, induced by the Na+ ions. The Na role in a CsI(Tl,Na,Pb) layer is
confirmed by a limited color-center concentration.
At the detector level, the noise behavior for an UV-irradiated patch (362 nm) of
the CsI(Tl,Na,Pb) layer is virtually equal to that of a non-irradiated part. The MTF
of the scintillator is invariant upon UV irradiation. As a consequence, DQE measurements reveal no changes with respect to a non-irradiated layer. The sensitivity of the
scintillator increases with irradiation, which is consistent with the notion of saturated
trap population. In conclusion, we find that the main IQ parameters are not affected
by the proposed method, which reduces the ghosting.
Our method for the reduction of ghost images is as efficient as de-ghosting by
X-ray, but with our method removing the patient from the X-ray system is no longer
required. These early results are very promising, but further clinical validation is
necessary. The imaging system can be deprived of its susceptibility to memory effects,
thereby preventing the occurrence of ring artifacts. The proposed method may also
have its application in high speed CT imaging using micro-columnar CsI scintillating
layers. Although the scientific literature describes methods to reduce memory effects
by co-doping with e.g. samarium or europium, which do not require an auxiliary
illumination, these methods have a reduced photon yield and are less attractive in that
respect.
The results of this chapter in terms of IQ improvement are fundamental to the
following chapters, where we study other solutions for IQ improvement. The IQ
improvements of the following chapters can only be fully be appreciated when the
results of image de-ghosting from this chapter, including de-ghosting by X-ray, have
been successfully implemented.
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Figure 3.34: Correlating in-house measured absorption bands and those found in literature.
Correlating LED-emission spectra and cross-section-saturation results.
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Tl+

High fluence

Tl+

(low absorption)

356 nm

200-320 nm (excitation band)

414 nm

(strong absorption)

364 nm

Tl+
concentrat.
Low

(quantum dots)

290-335 nm (excitation band)

Merge to 468 nm

356 nm (high absorption)
464 and 474 nm (Jahn-Teller)

Merge to 522 nm
570 nm (perturbed exc.)

518 and 526 nm (Jahn-Teller)
Low

High

382 nm

(perturbed exc.)

415 nm

Na+

Table 3.9: Overview of important measured optical features and their possible allocation in contaminated CsI:Tl. Wavelengths denoted in bold are
specific for optimal trap population and depletion.
Feature

Absorption

Emission

570 nm (perturbed exc.)
360 nm (low symmetry)

High

375 and 380 nm (Jahn-Teller)

106

3.7. Conclusions

X-ray quanta

Thermalize
+
e

UV/blue hn

Thermalize
e

e donor

e trap

Recombine

e

+

e acceptor

Recombine

Color-center
X-ray quanta

Scintillation hn

Radiationless/Afterglow hn
e

+

Recombine

Radiationless/Afterglow hn

Figure 3.35: Proposed donor-acceptor model for trapping effects.
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4
IQ Simulation and verification of 3D X-ray
imaging systems

“In reality, serendipity accounts for 1
percent of the blessings we receive in
life, work and love. The other 99
percent is due to our efforts.”
Peter McWilliams

This chapter concerns Image Quality (IQ) modeling and verification of 3D conebeam imaging systems. Prospecting for a trade-off between patient dose and IQ may
lead to erroneous results in case of 3D imaging if not supported by modeling. A 3D
full-scale IQ and Patient Dose (PD) simulation model, considering the combination
IQ-PD, will prove its merits by using specific calculations of patient dose, using rotational conditions yielding contrast, sharpness and noise data of 3D images. The
complete X-ray system from X-ray tube up to and including 3D post-sampling image
processing, is modeled in separate blocks for each component or process. The model
will eventually act as a tool for X-ray system design, IQ optimization while keeping
the PD as low as reasonably possible. With the model, we obtain short calculation
times, which enable multi-parameter optimization studies. The model performance
is verified by comparing calculation results with actual measurements carried out on
volumetric images acquired with a state-of-the-art 3D imaging system. The measurements include a PD index, signal and contrast, based on Hounsfield Units (HU), Modulation Transfer Function (MTF), signal-noise variance (σ 2 ) and Contrast-to-Noise
Ratio (CNR). For experimental verification, we develop new phantoms and compare
the measurement results with the simulation model. We find a significant correlation,
resulting in an accurate and dependable system design for IQ-PD.

4.1 Introduction
Image Quality and Patient Dose (IQ-PD) play a key role in the design of medical
imaging systems. 2D Cone-beam X-ray systems, incorporating a flat detector can be
used for 3-Dimensional Rotational X-ray imaging (3D-RX, Rasche [7]), such as 3D
rotational angiography or soft tissue imaging. C-arc 2D X-ray are commonly used for
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this purpose, where a good balance between maximum IQ and minimum PD is essential. However, it is not evident that the application settings for optimal 2D images,
guarantee optimal conditions for 3D-RX reconstruction results. Understanding the
balance IQ and PD for a cardio-vascular system requires insight in the combination
of, among others, X-ray generation, absorption, detection and image processing. The
primary aim of this chapter is to study the design of a 3D system in the framework
of optimally balancing IQ and PD. In order to implement this in a reproducible way,
it is essential to address all the imaging components individually and consider their
interdependencies up to and including the system level. To address the behavior of
each component, we develop performance models for each of them, describing their
behavior in detail.
To accommodate this approach, this study concerns the development, validation
and verification of advanced simulation models to establish IQ-PD relations for 3DRX image acquisition, in order to optimize information transfer. In general, investigations on IQ-PD make use of several methods and means with varying clinical accuracy,
lead-time and feasible scope. We apply both laboratory experiments with technical
phantoms, ray-tracing techniques for image-generating simulations and analytical IQPD models to calculate IQ and PD. The use of analytical models are our first choice
as an approach for system optimization, since this offers fast initial multi-parameter
optimization studies with a broad scope. The main object of this study concerns a
full-scale 3D IQ-PD simulation model as a design tool that surveys the vast area of
IQ and PD combinations (Kroon [10], [101]). The IQ-PD descriptors have been classified under the following main items: X-radiation, image signal, contrast, sharpness,
motion blur, noise and (absorbed) dose. Combinations of the separate IQ-PD items
will lead to several IQ descriptors such as Contrast-to-Noise Ratio (CNR). Prior to
the work of this thesis, an initial IQ-PD model was used for setting the performance
of two-dimensional (2D) projection radiography (Kroon [10]). That initial model was
combined with an additional 3D-RX sub-system to simplify and accelerate 3D-RX IQ
and (patient) dose optimizations. This sub-system involves several functions, so that
multiple trade-offs can be made. This makes the IQ-PD optimization a complicated
problem in a multi-dimensional space.
Previously, we have presented the first results of two aspects: patient dose and
sharpness, related to the 3D-RX IQ-PD model, which was published by Kroon [101].
In this chapter, we improve that model with an absorbed-dose model by introducing
the calculation of internal scatter. In addition, we develop contrast and noise models
for 3D images. Furthermore, we design appropriate 3D phantoms to measure the
contrast-detail performance and sharpness. Finally, we verify the simulation results of
the new model by phantom measurements.
A state-of-the-art overview of quantitative analysis of the physical factors which
influence the transfer of noise and sharpness and contrast in a cascaded imaging chain,
is found in a variety of papers. Several authors report about 3D IQ in terms of noise
and sharpness (Hanson [102], Siewerdsen [103], Tward [104]) and contrast (Siewerdsen [105]). These publications lead to a fragmented overall simulation model,
as the individual contributions are meaningful, but individually cover in high detail
only parts of the system, e.g. acquisition and processing. In our case, we integrate
all the techniques, including patient-absorbed dose and detector-controlled dose (see
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Chap. 7), while covering spectral effects in rotating image-acquisition systems. This
enables us to efficiently optimize IQ-PD for the set of data addressing contrast, noise
and sharpness. We also prepare to extend our model at a later stage and refine it for
including mechanical calibration effects. This will be elaborated in Chap. 5. In that
chapter, the effect of high-level magnetic fields is incorporated as well. Returning to
this chapter, we include detector pixel binning and re-sampling, if applicable, in the
post-sampling cascade of components. A few of the above-mentioned references do
not include a system MTF explicitly and do not involve the match between model and
experiment. The same applies for dose verification aspects. In our case, we employ
a system MTF explicitly and we also validate our model by experiments with special
phantoms.
The purpose of the present study is to include a full-scale 3D-RX sub-system for
our IQ-PD simulation model. Prior to continuation of this chapter, the reader should
bear in mind that the above overview on state of the art and the developed proposal in
this chapter have to be considered in the time frame of the year 2006. This means that
the contribution of this chapter was novel at that time. Some parts of our contribution,
like the measurement with thin wires (see e.g. Langner [106]) has now been reported
by other researchers as well after 2006. However, at the moment of thesis publication,
the originality of our 3D extension of the IQ-PD model still holds.
In our model, we integrate IQ modeling and PD modeling and are able to assess
the IQ and PD descriptors at any point in the chain for 3D X-ray systems. We model
for elliptic cylindrical objects that approach a typical patient anatomy and are able to
calculate doses for those geometries analog to volume-CTDI [107] doses, defined for
circular cylindrical objects. All system aspects can be verified by experiments with
physical objects identical to the modeled objects. This verification, which will show
the accuracy of the models, enables us henceforth to predict system performance for
IQ-PD. It must be borne in mind though, that modeling assumes adequate source,
detector and system calibration, such that the influence of fixed pattern noise sources
and typical reconstruction artifacts are negligible or well considered.
This chapter is organized as follows: Sec. 4.2 describes the methods relating to
the noise and contrast theory, the implementation of the IQ-PD model and the experiments. Sec. 4.3 gives the results for dose, MTF and CNR. It is concluded with a
discussion and a conclusion in Sec. 4.4 and Sec. 4.5, respectively.

4.2 Methods
In this section we formulate the fundamentals of dynamic noise generation and propagation, which supply input for modeling the imaging of a simple geometrical absorbing body: an elliptical cylinder. We elaborate on contrast transfer and pave the way
for the application of patient dose and CNR in the model, including scatter effects.
This section is concluded with the description of experiments on phantoms. For the
definition of the various IQ parameters and their transfer, see Chap. 2.
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Figure 4.1: Layout of the system and coordinate system definitions.

4.2.1 Noise theory, contrast and scatter
Fig. 4.1 shows a layout of a system for reference. The x − y plane refers to the
transaxial or reconstruction plane1 . The z-direction is defined as the axial direction.
Using a circular cylinder, made of attenuating material as a special case of the ellipse
shown as a simple geometrical arrangement, rotational symmetry is defined. A relation between tube output and the back-projected absorbed photon fluence Ndet (all
parameters are defined in the object center), can be found for paraxial (pencil) rays:
E
∫max

2
dE.
q0 (E) e−µ(E) d η(E) Mgeo

Ndet =

(4.1)

0

The parameters, un-attenuated detector-entrance X-ray photon fluence q0 (E), energydependent linear attenuation coefficient µ(E) of the object material, the cylinder diameter d, the energy-dependent detector quantum efficiency η(E) and the geometric
magnification factor Mgeo , are used in the above equation to project the photon fluence backwards to the iso-center. Henceforth all parameters are defined in the patient
or iso-center position.
For brevity in the derivations below, we omit the energy dependency and focus on
the integrand I(.) of Ndet , but we do perform the integration and energy dependency
in the simulation model. The total photon fluence N for a number of projections
mproj is given by:
2
N = mproj I(Ndet ) = mproj q0 e−µ d η Mgeo
.

(4.2)

1 The reader with an image processing background should not be confused with the coordinate system
definition for the pinhole camera model. In medical imaging, the x − y plane is defined in the iso center or
the patient object plane.
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The X-ray photon-fluence in the iso-center, N , supplies the white-noise input spectra
for the volume imaging. The reciprocal of the detected quanta yields the noise variance governed by a Poisson distribution. The white noise at the input now propagates
through the modulation transfer function of the cascaded components and will be filtered accordingly. By defining the effective sample volumes as a 3D spread function
(effective 3D apertures), we achieve filtering of the input noise. Small signal variations will be taken into account, where non-linear contrast transfer is regarded as linear
for small excursions. Following the notation of Hanson [102] and Siewerdsen [103],
the 3D noise power spectrum N P S3D−RX is described by:
π
2
fxy M T F3D−RX
(fxy , fz ) ,
2
mproj q0 e−µ d η Mgeo
(4.3)
where fxy and fz are radial and axial spatial frequencies, respectively. For 3D-RX, the
M T F3D−RX is based on the overall 3D modulation transfer functions as described
by Kroon [108]. The 3D MTF is composed of the complete 2D MTF valid for the
projection images, but extended with a number of post-sampling 3D-RX MTFs for
algorithms such as a low-pass filter, ramp (-equalization) filter, voxel back-projection
and reconstruction. The pre-sampling geometric calibration remnants are included as
well.
Some image-formation processes will affect the sharpness of the image details,
whereas they have no effect on the noise power spectrum at all. This identification
applies to focal-spot blur and motion blur, as well as calibration remnants and vibration blur expressed as an MTF. However, although the ramp-equalization filter has no
effect on image sharpness, as it compensates for the inherent low-pass filter behavior
of the back-projection process, it does shape the transaxial noise power spectrum significantly. The equalization filter causes the typical donut shape of the 3D noise power
spectrum, as shown in Fig. 4.2. It should be noted that for the high doses, as commonly used in 3D reconstruction imaging, the contribution of post-sampling additive
and multiplicative noise sources can be neglected. Amplifier noise, electron shot noise
and ADC-sampling noise which scale back into the iso-plane units, are extremely low.
The volume integral of the noise power spectrum over the 3D frequency domain
2
yields the variance σvoxel
per voxel in a 3D reconstruction:
N P S3D−RX (fxy , fz ) =

∫ ∫ ∫
2
σvoxel
=

π
=
4π
2
mproj q0 e−µ d η Mgeo

dfx dfy dfz N P S3D−RX ,

f∫xyN

fzN
∫
2
2
dfz fxy
M T F3D−RX
(fxy , fz ),

dfxy
0

(4.4)

0

where fxyN and fzN are the corresponding Nyquist frequencies in the transaxial and
axial directions, respectively. In line with Siewerdsen [103], in this equation, we have
separated the integrals into transaxial and axial planes, assuming integral independency.
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Figure 4.2: 3-Dimensional display of a noise power spectrum showing the typical donut shape
of back-projected noise.

Taking the independent integrals over the MTF gives the Noise Equivalent Bandwidth (N EB) in those planes:
f∫xyN
2
2
fxy
M T F3D−RX
(fxy ) dfxy ,

N EBxy =
0

fzN
∫
2
M T F3D−RX
(fz ) dfz .

N EBz =

(4.5)

0

Here, N EBxy (mm−3 ) and N EBz (mm−1 ) denote the noise equivalent bandwidths
in the transaxial and axial plane, respectively. The reader should note that the derivation is based on frequency domain analysis, where the MTF integration leads to the
noise equivalent bandwidth. This definition is according to Schade [109], which is
commonly accepted. Looking to the dimensions of the defined N EBs, we find that
the noise power is inversely related to the mm cube of the transaxial spread function
and inversely dependent on the axial integration-length (slice thickness/mm). This
dependency is fully in accordance with the findings of Barrett [110], so that these
analyses converge into the same model, albeit that Barrett limited his analysis to ideal
imaging systems. The dependency of the noise power on the cube of the transaxial
spread function is fully plausible, since the ramp-equalization function is involved in
the noise power integration up to the Nyquist frequency. Using this finding, Eq. (4.4)
is now simplified to:
2
σvoxel
=
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4π 2
N EBxy N EBz .
2
mproj q0 e−µd η Mgeo

(4.6)
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In this definition, the dimension of the noise variance is mm−2 , so the noise standard
deviation has the unit mm−1 , and is in its dimensions similar to contrast in terms of
the attenuation-coefficient difference ∆µ, which stems from the 2D contrast of an
attenuation step transposed to the 3D domain:
(
)
I0 − I1
∼ (∆µ ∆d)3D .
(4.7)
I0
2D
Chesler [111] proposed an expression for non-rotationally symmetric objects, which
is included in Eq. (4.6):
2
σvoxel
=

mproj
∑
4π 2
1
N
EB
N
EB
.
xy
z
2
−µ
2
mproj η Mgeo
q0 e j dj
j=1

(4.8)

The equation gives us the denominator of a potential CNR expression. For such an
expression we need now the contrast in the same reference volume. The nominator
of the CNR is originally used by Kroon [101] and equals the term ∆µ. However,
this model does not consider the influence of scatter. Therefore, we have explored
literature for experiments and models involving scatter and its influence. Our search
revealed that Siewerdsen [105] defines contrast C in cone-beam CT, including the
effect of X-ray scatter. As a result, the signal term for our CNR becomes now equal
to:
(
)
1
1 + SP R e∆µαd
Cvoxel = ∆µ +
ln
.
(4.9)
αd
1 + SP R
This equation expresses the difference in the linear attenuation coefficient of the detail
and its surrounding ∆µ, the relative detail size α, the cylinder object diameter d and
the Scatter-to-Primary Ratio SP R = total dose/primary dose - 1). Finally, the Eq. (4.9)
for contrast in combination with the noise standard deviation σvoxel , gives the relation
for CNR, which is dimensionless:
CN Rvoxel = Cvoxel /σvoxel ,

(4.10)

where σvoxel refers to Eq. 4.8.
The derivation in this section builds on partial results from literature, which have
been indicated at the appropriate places. However, the total result is the result of the
author.

4.2.2 3D IQ-PD model implementation
A. Patient dose RXDI
In the previous subsection, we have addressed noise, contrast and CNR, which all refer
to IQ. In this section, we address PD, particularly the modeling and measurement of
PD.
Kroon [101] defined the ”Rotational X-ray Dose Index” (RXDI) analog to the
Computed Tomography Dose Index (CT DI) as defined by Shope [107],
CT DI = 1/3 Dcenter + 2/3 (Dtop + Dbottom + Dright + Dlef t )/4.

(4.11)
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We consider cylinder-shaped PMMA2 , phantoms with dose-measuring probes in the
center and at four peripheral positions Dtop , Dbottom , Dright and Dlef t . The dose
is measured with a dose meter3 using a 10-cm pencil probe centered in the axial direction of the phantom. The primary dose signal is calculated on the basis of the
actual source-to-probe distance and the material attenuation. Internal scattering radiation gives a significant contribution to the dose values inside the phantom. Therefore,
we performed central and peripheral dose measurements, and compared these measurement results with primary dose calculations, in order to acquire the actual SPR
as a function of angular position (0 to 180 degrees). We have developed an empirical
scatter model based on three assumptions, derived from literature:
1. Internal backward scatter, which is relatively insignificant and supposed to be
constant (roughly 0.8, see e.g. Petoussi-Henss [112]);
2. Internal forward scatter, as a function of phantom thickness is based on several
references that indicate a power relation with an exponent of about 1.5 (see e.g.
Chan [113] and Kalender [114]);
3. Correction, which is additionally applied for the relative phantom volume contribution as a function of the angular position, e.g. a sidelong probe receives
mainly scatter from half the space. Consequently, the overall SP R model includes the scatter at any angular position.
B. Image signal
The calculation of the 3D image signal Svoxel is based on the definition in Hounsfield
Units (HU) [26]:
Svoxel = 103

µmaterial (E) − µwater (E)
,
µwater (E)

(4.12)

using the linear attenuation coefficient of the detail material µmaterial (E), and that
of water µwater (E). As the attenuation coefficient is X-ray energy dependent, the
actual voxel signal Svoxel will vary with the tube voltage and the beam quality (Pullan [115]). Our 3D IQ-PD model applies to the complete spectral X-ray generation
and attenuation formulae (see Chap. 2), so that the results are valid for all conditions.
C. Noise and CNR
Although the 3D IQ-PD model is able to calculate 3D noise power spectra, the main
2
noise indicator is its variance σvoxel
. We calculate the noise variance according to the
final formula of Sec. 4.2.1 about the noise theory. The noise equivalent bandwidths
N EBxy and N EBz , follow directly from the formulae as described in this section.
The detector quantum efficiency as a spectrally varying η(E) is included in our flat
panel detector model. The CNR follows from the contrast divided by the noise variance, as shown in Eq. (4.10).
2 Polymethylmethacrylate,
3 Available
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D. Sharpness
We define sharpness by a MTF as a product of all the component MTFs in the presampling and post-sampling domain. For a detailed description, see Chap. 2

4.2.3 Experiments and phantoms
The three-dimensional rotational X-ray imaging (3D-RX) starts with the acquisition
of a series of 2D projection images. We use an interventional X-ray system with a
flat panel detector. Upon pre-processing, the images are fed into a back-projection
algorithm for volumetric reconstruction of a predetermined size and resolution, as described by Grass [116]. In order to verify the 3D-RX model, a number of different acquisition protocols and phantoms have been used, and the volumetric reconstructions
have been carried out with a number of different reconstruction sizes. The X-ray system has been calibrated for volumetric reconstruction, e.g. the gain of the flat detector
is calibrated for each of the scan protocols. Summarizing, with the above settings and
calibrations, it is possible to perform 3D reconstructions for a pre-determined volumetric space in which a phantom for reconstruction validation can be included.
The sharpness (MTF) method uses a phantom with a thin (85 µm diameter) tungsten
wire, as illustrated in Fig. 4.3(a). The MTF method is based on the Fourier transform
of the Line Spread Function (LSF), as described e.g. by Cunningham [117], and transposed to 3D. Note that this adaptation is not possible for an edge- or slit method, since
large absorptions can lead to streak artifacts, which interfere with the measurements.
The thin tungsten wire is imaged by 3D reconstruction (Fig. 4.3(b)). The wire is
slanted slightly with respect to the system axis (rotation axis). Image software allows
us to construct the appropriate image stack and to select the image containing the wire
response (Fig. 4.3(c)). After rotation of the wire image (Fig. 4.3(d)), the voxel values
in the columns are added and noise integration is achieved. In case of under-sampling,
an affine transform will provide sufficient over-sampling (See Chap. 5). The LSF is
corrected for its DC component by subtraction, with special care not to truncate desired parts of the response. By this procedure a low frequency drop in the frequency
domain will be avoided. The Fourier Transform yields the MTF. Again, the spatial
frequency axis is defined in the iso-center.
For measurement of the Contrast-to-Noise Ratio (CNR), we have designed a modular contrast-detail phantom, which has been manufactured in the industry according
to our specifications4 . As Fig. 4.4(a) shows, the phantom consists of a number of
disks with 10-cm diameter, each containing two different contrast medium densities
in relation to a patient-equivalent plastic background. Each contrast value is available
in cylinders of various diameters, ranging from 1 mm to 25 mm. The large diameter
is used for the CNR measurement. The remaining diameters can be used for C-delta
measurement purposes. The contrast values are defined in the range of 2-2,000 HU
and are composed of either diluted CsI powder or a (approximately) spectrally neutral
low-contrast compound. The actual Hounsfield units have been determined using a
calibrated CT scanner. The disks with diluted CsI powder are used to mimic 3D rotational angiography of iodine-filled blood vessels. The spectrally neutral compound
4 Manufactured

at QRM GmbH.
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(a) Phantom containing a tungsten
wire.

(b) Snapshot of the volumetric
surface-rendered reconstruction of the
recorded thin wire.

(c) Slice of a reconstructed volume
with a wire-response.

(d) Vertically aligned wire-response.

Figure 4.3: Sharpness measurements in 3D volumetric images.

mimics body parts with a low contrast for soft tissue imaging. We have used a raytracing image generating simulation package to design the C-delta phantom, with a
typical result as shown in Fig. 4.4(b). Fig. 4.4(c) displays a reconstructed 5-mm slice
of an actual image acquisition using the neutral soft tissue phantom. For comparison, Fig. 4.4(d) shows an actual 3D-reconstructed and rendered image, using the CsI
compound. Four disks of choice can be placed in several surrounding containers of
both PMMA and typical patient-equivalent plastic, which mimic various body sizes.
This study shows the results of CsI contrast disks in a circular PMMA cylinder of 16cm diameter and 24-cm length, and an elliptical PMMA (polymethylmethacrylate)
cylinder of 24 by 32 cm axes and 25-cm length. The spectrally neutral low-contrast
compounds are applied in elliptical patient-equivalent cylinders with axes of 18 by 24
cm, and 24 by 32 cm respectively, both with a length of 25 cm. The rotational X-ray
dose index RXDI (similar to the Computed Tomography Dose Index (CTDI)) is measured in PMMA cylinders with a diameter of 32 cm (circular standard CTDI phantom)
and 24 by 32 cm (elliptical), both with 15-cm length and uses the standard weighting
definition for CTDI, according to Eq. (4.11).
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(a) Exploded view of C-delta phantom
disks.

(b) Simulated 3D image of a lowcontrast C-delta phantom disk.

(c) Actual 3D image of a low-contrast
C-delta phantom disk.

(d) Actual 3D image of a high-contrast
CsI-diluted phantom disk showing
columns.

Figure 4.4: C-delta phantom. a) through c): low contrast, mimicking soft tissue. d): high
contrast, mimicking blood-filled vessels.

In the 3D-reconstructed volumetric images, we have measured MTF, contrast,
noise and CNR for different contrast compounds and various phantom shapes and
sizes. For the latter measurements, we use the results on imaging with a C-delta phantom as indicated in Fig. 4.4(c). Within the largest disks, we measure the standard
deviation and the signal height with respect to the background. In order to reduce the
influence of image structure on the image noise measurement, we subtract recurrently
one reconstructed transaxial slice in the 3D volume from the previous one. The inherent noise increase by this
√ subtraction process is canceled by applying a scale factor
for the noise variance of 2. It is important to note that we determine the CNR results
by averaging along the axis of rotation over a length of 5 mm, i.e. it corresponds to an
integrated slice thickness of 5 mm. The experimental conditions are applied according
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Figure 4.5: Internal SPR as a function of angular position for a 320-mm diameter CTDI
phantom (PMMA). The markers denote the SPR values calculated from the measured total dose
values and simulated primary radiation, for the following probe positions: peripheral bottom
probe (radius 150 mm), semi-peripheral bottom probe (radius mm) and center probe (radius
0 mm). The markers indicate the values, without any curve interpolation. The solid, dotted and
dashed lines show the corresponding simulation results of the empirical model.

to the simulation-model calculations. The results of both experiments and simulations
are combined in the next section.

4.3 Results
4.3.1 Rotational X-ray Dose Index - (RXDI)
The symbols in Fig. 4.5 denote the internal Scatter-To-Primary Ratio (SPR) results
of central, peripheral and semi-peripheral dose measurements in the 32-cm diameter
PMMA “abdomen” phantom (peripheral probe at bottom ≡ 0 deg, which is the tube
side). The overall semi-empirical SPR model is indicated by the solid lines, and shows
an overall RMS error of 4.5%. These results prove that our internal scatter model
shows a strong agreement with the actual measurements and is therefore assumed to
be well suited for the calculation of the patient dose for any probe position and for
an arbitrary angular range. Our measurements further reveal that the tube voltage has
a minor influence on SPR: in the range from 80 to 120 kV, the variation is less than
+/- 4%. Fig. 4.6 shows the results of dose experiments and simulations with a stand
rotation across 200 degrees. We use a circular (32 cm diameter) as well as an elliptical
(24×32 cm) cylinder “abdomen” phantom made of PMMA. The results are presented
for five probe positions, and combined in the weighted RXDI value. In general, the
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Figure 4.6: Measured and calculated local dose in a circular (∅ 32cm) and an elliptical
(24×32 cm) cylinder phantom made of PMMA. Technique factors are determined by automatic
dose control with a tube current limit. Stand rotation is over 200 o with the X-ray source moving below the patient table. Results are shown for five probe positions separately and for the
weighted RXDIw .

elliptical phantom yields lower values, since its average lower “thickness” during rotation causes lower technique factors5 in accordance with the automatic exposure control. The most prominent deviation between experiment and simulation concerns the
”bottom” value of the circular phantom: the lower experimental value is partly caused
by the tabletop that absorbs about 15% of the radiation during the most contributing
part of the stand rotation. Considering the various possible error sources (beam size,
scattered radiation, probe out of beam, tabletop, de-center, automatic dose control),
simulations and experiments show a good agreement, with deviations typically below
10%. The most important agreement is in the RXDI values, which combines all the
positions leading to patient dose.

4.3.2 Sharpness expressed in Modulation Transfer Function
The 3D MTF is measured in the axis of rotation, so that motion blur is eliminated from
the results. Fig. 4.7 shows the measured MTF of some grouped system parts (focalspot blur, flat detector and 3D reconstruction including calibration remnants), and
the total simulated system-level MTF. The voxel size in this example is 0.167 mm3 .
This particular figure shows an example of the MTF valid for 3D sharpness purposes,
5 Radiation experts summarize the settings for the X-ray generator like tube voltage, tube current, prefiltering and exposure time with the term Technique Factors.
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Figure 4.7: 3D-RX MTF simulation and measurement. MTF partial contributions are: focalspot blur, flat detector (including binning and re-sizing), 3D-RX processes (including the presampling calibration MTF) and the total system. The square symbols denote the measured
3D-RX MTF. The transfer functions are valid for 3D sharpness, that is defined here without
application of a ramp-equalization filter.

whereas Fig. 4.8 displays the MTF for 3D noise calculations. The difference between
the shapes of the curves arises from the inclusion of specific components contributing
to the MTFs, or the omission of some other. These components have been discussed
in detail in Chap. 2. For example, focal-spot blur, does affect sharpness, but has no
influence on 3D noise. The ramp-equalization filter, on the other hand, has no effect on
image sharpness, but it does shape the transaxial noise power spectrum significantly.
The solid line and the filled dots in Fig. 4.7 demonstrate a convincing match between
experiments and calculations.

4.3.3 Contrast-to-Noise Ratio
Figs. 4.9(a), 4.9(b) and 4.9(c) show images of the 3D-reconstructed slices of a disk
with spectrally neutral “soft tissue” compounds. All three images are recorded with
identical technique factors. However, the environment of the disk varies: (a) air only,
i.e. no surrounding phantom, (b) a patient-equivalent elliptical container with axes
of 18 by 24 cm, (c) a patient-equivalent elliptical container with axes of 24 by 32
cm. Fig. 4.9 illustrates that the CNR decreases with increasing phantom thickness.
This finding is explained with Eq. (4.9): on the one hand, the SPR will rise with
increased phantom thickness, causing a contrast degradation. Contrast decrease by
beam hardening plays only a minor role in this situation. On the other hand, the
increased phantom thickness will attenuate the primary beam significantly, so that the
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Figure 4.8: 3D-RX simulation of the MTF for noise in the (x, y) and z planes. Curves indicate
flat detector (including binning and re-sizing), 3D-RX processes and the total-system noise
transfer. The graph is an example of 3D noise transfer modeling, without focal-spot blur and
geometric calibration-remnants blur, but with ramp-equalization filter in the transaxial plane.

(a) Disks in air.

(b) Elliptical cylinder with
18×24 cm axis lengths.

(c) Elliptical cylinder with
24×32 cm axis lengths.

Figure 4.9: Images of 3D-reconstructed slices of the same low-contrast disks in a patientequivalent environment (+12 HU) with different shapes. The voxel size is 0.873 mm3 .

voxel noise will increase according to Eq. (4.8).
Fig. 4.10 shows the measured and predicted CNR using a variety of phantoms.
Experimental and calculated CNR values match in general, with a maximum error
of 31% and an overall RMS error of 17.2%. The slightly deviating data point in the
upper right corner is not included, since it is highly likely due to a measurement error:
for high CNRs, the relative contribution due to fixed-pattern noise sources may have
been higher, thus increasing the total noise contribution.
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Figure 4.10: Experimental versus simulated CNR values for various contrast compounds in
the disks and phantoms under several conditions (kV, Cu pre-filter, mA fixed or by dose control
and voxel size). STI: soft-tissue low-contrast material, “water”: patient-equivalent plastic,
CsI:diluted cesium-iodide, PMMA: Poly Methyl Methacrylate. The phantom shape is either
circular (with diameter mentioned) or elliptical (with both axis lengths).

4.4 Discussion
The discussion about the modeling results obtained in this chapter involves several aspects. First, we commence with the congruence between our models and the measured
outcomes, which show a better agreement than in our preceding findings. Second,
the explanation for the model performance improvement is generalized for existing
CT-type CTDI phantoms and we indicate our opinion with respect to the ongoing discussion in the expert groups on dose measurements. A third point of discussion is the
influence of external scatter. A fourth issue addresses the design and realization of
special measurement phantoms, to support accurate measurements of contrast-detail
and sharpness.
Model congruence. We have extended our 2D IQ-PD model for the performance
of projection X-ray systems successfully to the third dimension. The full-scale 3D-RX
model includes modeling for patient dose, sharpness, and CNR. The RXDI dose-index
prediction is in better agreement with the RXDI dose model, as compared to our earlier findings (Kroon [101]). This was achieved by including the calculation of internal
scatter. The key to this modeling improvement is the phantom-intrinsic scatter influence, which is now addressed.
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Expert group discussion. It should be noted that the CTDI-weighted local dose for the
midplane will be higher, since the scatter contributions are maximum in that plane, as
compared with the phantom edge positions. The integrated dose of the pencil-shaped
detector can be 10 % lower than the CTDI-averaged midplane local dose using the
CTDI head phantom (Yu [118]). This defined dose cannot be compared directly with
a CT dose measurement, since the largely confined beam for that imaging modality
does not suffer from scatter contributions as found in cone-beam imaging. However,
our method accurately describes the average delivered dose in the full head volume.
Dose measurement methods are still under discussion in the American Association of
Physicists in Medicine (AAPM) task group [119]. In this discussion, our proposal is
one of the possible methods that are studied, so that it confines with the discussion
among world-wide experts and our work is therefore a direct contribution to that expert discussion. A proposal for further quality improvement, which is also part of this
expert debate, is to measure center- and peripheral-dose profiles in a full-body phantom in order to include scatter contribution farther from the midplane and to calculate
a weighted dose thereof.
External scattering radiation will also affect the quality of 2D and 3D images. It is
known that Monte Carlo simulations supply accurate scatter-to-primary ratios at the
detector entrance plane, with or without an anti-scatter grid. However, such a Monte
Carlo calculation typically consumes a relatively long execution time and would not
fit in the principle of the presented fast analytical IQ-PD model. Published work in
progress (Zou [120]) reports the parametrization of scatter results from Monte Carlo
simulations and experiments.
Special measurement phantoms. For the validation of the full-scale 3D-RX model,
we have designed new phantoms: a thin-wire phantom and a 3D C-delta phantom.
The thin-wire phantom is a simple adaptation of a well-known 2D method (Cunningham [117]) for determining sharpness. Note that this adaptation for 3D is not possible
for an edge or slit method, since large absorptions can lead to streak artifacts, which
interfere with the measurements. We have demonstrated that the thin wire is suited
for determining sharpness of the 3D-RX system. The verification of the 3D sharpness model and its decomposition, enables the calculation of noise power spectra by
taking into account the different MTF compositions for the signal path (MTF) and
the noise path (influencing the noise power spectrum). The noise power spectrum is
essential for calculating the noise variance of the signal. The contrast predicted by
the model can yield a CNR by using the noise standard deviation per voxel. Given
the cascade of factors and complexity, a match between the prediction and measured
value within 30% accuracy is considered a good result. For future work, the search
for the ideal image quality descriptor, including observer properties should include
the full noise power spectrum, instead of the standard deviation in order to predict a
combined contrast-detail visibility threshold. The designed 3D C-delta phantom, that
may be included in the model, would supply a basis for a technical model validation.
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4.5 Conclusions
We have developed a novel 3D Image Quality and Patient Dose (IQ-PD) model, as
an extension on an existing 2D simulation platform for C-arc rotational conditions,
featuring specific calculations on contrast, sharpness, noise and (patient) dose. The
complete X-ray system from X-ray tube, up to and including 3D processing is modeled in separate blocks for each separate component or process. The new model covers
3D modeling of the complete chain from X-ray quantum generation till processed 3D
reconstruction. The model serves as a tool for 3D X-ray system design, image quality
optimization and patient dose reduction. As such, the model supports the decomposition of system level requirements, so that the individual components of the X-ray
system can be addressed and component parameter dependencies are included. The
components considered in the 3D model refer to their definitions in Chap. 2.
A further result of this chapter is the development of a new 3D contrast-detail
phantom (3D C-delta) containing details of varying size, contrast-medium material
and density. The new phantom contributes to an improved IQ assessment for 3D
vascular imaging as well as Soft Tissue imaging. A sharpness measurement phantom,
based on a thin tungsten wire, has been developed as well. This measurement to assess
sharpness has been adopted by other researchers later (see e.g. Langner [106]).
Simulation and measurement results show a significant correlation and allow a
dependable and fast system design. Our simulations and experiments on dose have
shown that our new 3D model yields a good agreement, with the measured values
with deviations typically below 10%. With respect to fast system design, given the
cascade of factors and complexity, a match between the prediction and measured value
within 30% absolute accuracy is considered sufficiently good for optimization towards
rapid prototyping and system analysis. For completeness, the model can be extended
with deterioration effects due to system- or environmentally-induced mechanical vibrations. If artifact reduction by proper system calibration is accomplished, as indicated in the previous chapters, system design will result in optimal 3D-reconstructed
images by model-driven tuning of the acquisition and the reconstruction parameters.
The major contribution of this chapter is the presented 3D IQ model. The modeled scatter as a function of the angular position has not been treated by the author
of this thesis and must therefore be excluded from the contribution. The details and
fundament of the complete model have been gradually developed in previous chapters. Chap. 2 has presented the components and backgrounds of our model. Chap. 2
and Chap. 3 discuss internal deterioration of the IQ by ghost images. The following
Chap. 5 addresses the external influences on IQ such as vibrations and magnetic fields.
This chapter is necessary to describe and model IQ deteriorations from deterministic
sources. The mentioned chapters are all dealing with artifacts, whereas this chapter
has addressed the intrinsics of the total imaging chain. The developed model from
this chapter will be applied in a succeeding chapter (see Chap. 6), wherein we exploit
optimized high-quality imaging of Nitinol stents with thin struts and low opacity as a
check of an interventional procedure. Combined with an optimized dose control (see
Chap. 7), an excellent IQ for predefined doses can be obtained.
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5
Environmental and internal stimuli
influencing system performance

”Denkt aleer gij doende zijt en
doende denkt dan nog” (Think before
thou art doing and while doing still
think.)
Guido Gezelle

In this chapter, we study the influence of C-arc system vibrations and external
magnetic fields on Image Quality (IQ) deterioration for 2D angiography and 3D conebeam X-ray imaging. The motion of scanning C-arc X-ray systems can induce vibrations to the imaging sub-system, which will affect the projected image sharpness and
the projected image position. If the position is not corrected in the post processing
(pixel shift), it will manifest as subtraction registration artifacts. The blur may result
in irreparable loss of information. We will model and verify the effect of vibrations in
2D subtracted and non-subtracted Flat Panel imaging. Two effects on 3D IQ are also
modeled: (1) vibrations during actual image acquisition resulting in movement blur
and (2) C-arc movement errors after calibration in the iso-center, giving an additional
remnant blur. The model establishes a relation between vibration amplitudes and image quality for dominant system Eigenfrequencies. The validity and accuracy of the
model for 2D and 3D imaging modes is supported and demonstrated by experiments
and provides sufficient quality for defining IQ requirements.
Another aspect discussed in this chapter relates to the qualitative blurring effect of
magnetic fields on the X-ray focal spot, which is assessed as yet another deterioration.

5.1 Introduction
The previous chapter elucidates the effects of intrinsic IQ. Here, we present two detrimental effects, i.e. the influence of system vibrations and the deterioration due to
external magnetic fields on the final IQ. A physical displacement of either a point
source and/or an area detector in an imaging system during the detector integration
time, causes image blur and image shift. Consequently, loss of detail is encountered
and for image subtraction techniques, this leads to registration artifacts. In this chapter, we model and verify the effect of vibrations in 2D subtracted and non-subtracted
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Flat Panel (FP) imaging. Two effects on 3D Image Quality (IQ) are modeled: (1)
vibrations during an actual acquisition run inducing movement blur and (2) C-arc
movement calibration errors in the iso-center giving remnant blur. Let us now briefly
elaborate on both vibration effects. A third environmental effect refers to external
magnetic fields.
Vibration effects during image acquisition. In 3D reconstruction imaging, perview blurring induced by vibrations, is integrated through an image-acquisition sequence which produces a blurred final image. In normal use, transient vibrations are
reduced by proper start and stop moments of image acquisition. Unfortunately, after
this operation, lasting C-arc bound vibrational modes can cause blur and shift for each
view and consequently, depending on the magnitude, image quality impairments may
occur. Uniform arc rotation and the inherent movement blur (movement during the detector integration time) will not play a significant role for well-centered objects and is
neglected here. Patient head movements with respect to the world are excluded, since
minor inter- and intra-image movements already impair image quality. If head movement should be eliminated altogether, a head fixation is mandatory (Wagner [121]).
Vibration effects during movement calibration. Besides the vibration effects during acquisition, there may be remnant errors originating in the calibrated correction
of a non-circular movement. In 3D C-arc Computed Tomography (CT), calibration of
deviations of the circular orbit of the C-arc movement is a necessary practice. More
specifically, for redefining the origin of a coordinate system with respect to world coordinates, movement calibrations should be carried out by using marker-based phantoms, such as a dodecahedron or a circular phantom with equally distributed ball
bearings. At the onset of Cone Beam Computed Tomography (CBCT), using X-ray
Image Intensifiers, the calibration process has already reached a high performance.
Already in earlier days, the obtained level of reproducibility of deviations was less
than 0.1 mm, which allowed a performance with a final iso-center position accuracy
of the same order of magnitude (Rasche [122], Cho [123], Fahrig [124]). At present,
upon calibration, movement blur due to vibrations still may have its effect on image
quality. For a high-resolution reconstruction, the minimum useful voxel size may,
among other blur functions, be limited by vibration movement blur. Therefore in this
chapter, we will model and verify the effect of both vibration-induced impairments in
2D subtracted and non-subtracted FP imaging. For 3D, we will confine our analysis
to translational sinusoidal vibrations at system Eigenfrequencies for the trans-axial
plane. It will be shown that the described phenomena can have an impact on the IQ,
but when the systems are properly dimensioned, the degradations can be controlled
and reduced to an acceptable or even negligible level.
Influence from magnetic fields. The third environmental deterioration effect, due
to magnetic fields, may influence the IQ in extreme circumstances. If a large magnet
approaches the X-ray source, the electron beam can be deflected such that the focal
shape is distorted. An example is the close proximity of large magnets for remotely
controlling the position of catheters in 2D projection cases. However, in 3D systems
such a condition is hardly encountered, since maximum clearance to the C-arc movement is required.
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For parametric modeling and verification purposes, we first examine periodic motion effects on the IQ in Sec. 5.2, particularly with respect to blur and image shift
for 2D-subtraction angiography, followed by 3D reconstruction imaging. Further, we
construct this chapter as follows. Sec. 5.4 presents the results on IQ degradations by
vibrations, while Sec. 5.5 discusses these results. Sec. 5.6 gives a qualitative statement
on the influence of external magnetic fields. The chapter concludes with Sec. 5.7.

5.2 Modeling of vibration and IQ
In this section, we will discuss the modeling, linking known vibration parameters to
IQ. With linking, we mean that we consider the component MTFs and system MTFs
and the related image shifts. We start with the 2D system, which is extended by 3D
systems. Vibration blur and shift are assessed in the models both for 2D and 3D.

5.2.1 2D vibration blur and shift model
A sinusoidal vibration function is specified by y = a sin(ωt + α), having amplitude
a , angular frequency ω and phase angle α. The parameters are all defined in object
space. The probability distribution function (pdf) follows from the first derivative of
the inverse sine function, which is
1
√
.
π a2 − y 2
Further, the normalized Line Spread Function (LSF) for a complete cycle is
pdf =

1
LSF = √
.
2
1 − (y/a)

(5.1)

(5.2)

The actual vibration LSF can be found by multiplying the pdf with the pulse-train
window in the inverse sine domain (Fig. 5.1), resulting in
(
( ))
∑
y
1
×
δ(y − iyf ) rect
LSFt = √
.
(5.3)
y
2
p
i
1 − (y/a)
Herein the last part denotes a train of rectangular pulses with yf denoting the frame
distance in the inverse sine domain and yp the pulse-width in the inverse sine domain.
The Modulation Transfer Function (MTF) follows from a convolution of the Fouriertransformed LSF according to Eq. (5.2), which is a 0-order Bessel function, with the
Fourier transform F of the pulse(train), giving
{
(
( ))}
∑
y
M T F = J0 (2πνa) ⊗ F
.
(5.4)
δ(y − iyf ) rect
y
p
i
Herein ν denotes the spatial frequency. In a practical computational approach, the
MTF is determined by performing a Fourier transform F of the histogram of the pulsetrain sampled inverse sine wave.
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Figure 5.1: Shape of the LSF constructed from the generic vibration LSF and multiplied by a
pulse-train (in our case an X-ray pulse train). The response is shown for 2 pulses transposed to
the inverse domain yp , intersecting the generic LSF.

5.2.2 3D vibration blur and shift model
A. Blur
An on-axis representation for the back-projected blur function using Feldkamp’s algorithm (Feldkamp [28]), can be derived as follows: the vibration-induced Point Spread
Function (PSF) for a dominant Eigenfrequency is found by back-projection through
the pre-weighted blur function. The actual function is found by integration across
π radians angular movement of the C-arc for the 2D blur functions in the two orthogonal directions u and v of the detector, back-projected into the volume coordinates x
and y. The angular range in an experimental set-up amounts to π radians expanded
with the divergent fan-beam angle, needed for a proper reconstruction. An average
blur function is found by summing all the contributions across the angular range. For
a number of independent vibrations, the resulting pdf of the sampled sine-wave and
consequently the spread function, is found by convoluting the individual pdfs, yielding
p d f = p df1 ⊗ p df2 ⊗ · · · p dfj .

(5.5)

The weighted projection data are found (Chen [125]) (see Fig. 5.2 for reference) by:
lSO
fφw = fφ (u, v) √
,
2
lSO + u2 + v 2

(5.6)

where the detector plane is thought of being projected parallel to itself through the
origin O. The back-projected blur function can be written in accordance with Feldkamp’s algorithm for 3D reconstruction:
∫π
P SF (x, y, z) =
0

lSO 2

(
fw
2 φ

(lSO − y)

)

lSO
lSO
x,
z dφ,
lSO − y lSO − y

(5.7)

which for the on-axis case degenerates into:
∫π
fφw (x, y, z) dφ.

P SF (0, 0, 0) =
0
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Figure 5.2: C-arc geometry.
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Upon integration across the angular span, this function yields the PSF. We determine
the LSF in the y-direction for the trans-axial plane, by projection of all the contributions onto a plane through the iso-center with a coordinate system moving along
with the arc. The appropriate vibration amplitudes are C-arc bound and assumed to
move along with the rotation. The same procedure applies to the reconstruction in
the z-direction, where the z-vibration modal amplitudes are input for simulation. The
vibrations are active in the simulation of the system MTF, as defined in the iso-center
for a trans-axial plane and for an axial plane. For both directions, we can find the total
blur function, which is bound by the system physics, by a convolution of the following
three components: the focal spot LSF, properly scaled towards the plane parallel to the
detector plane through the iso-center, the vibration LSF and the detector pre-sampling
LSF. For an on-axis evaluation, we ignore movement blur due to the arc rotation. With
these LSFs we have described the blur in the pre-sampling domain. Alternatively, at
the system level, the processing functions in the post-sampling domain are (1) the
voxel projection with a linear interpolation function, (2) a Hanning type of LP filter
for noise filtering and (3) the reconstruction aperture defined by the voxel size (see
Chap. 2.3).
B. Shift
By defining the center of gravity M of the LSF, the vibration-induced image shift can
be determined
∫ +∞

y LSF (y) dy
M (y) = ∫−∞
.
+∞
LSF (y) dy
−∞

(5.9)

For each view, this function yields the center of gravity and when integrated through
the image run, the obtained collection of centers forms a stochastic spread function of
the iso-center location (Gaussian pdf is assumed for Eigenfrequency variation).
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Figure 5.3: Setup for moving a skull phantom.

The simulated pdf is found by summing the set of samples of the scatter function in
one dimension and at discrete intervals. Hence a projection function h (y) is approximated by a series of impulses:
h (y) = 1/N

N
∑

δ(y − yi ),

(5.10)

i=1

which yields an estimation of the Abel transform serving as an average back-projection
into the iso-center. We find then an average effect of the calibration remnants allowing comparison with the measured data. For a number of independent vibrations, the
probability function will be found by repeated convolution. The accuracy of the distribution estimation can be increased by constructing a histogram with a large sample
number, i.e. a large number of projections. This stochastic spread function is Fourier
transformed to yield the MTF.

5.3 Experiments
5.3.1 2D phantom imaging and MTF measurement
Fig. 5.3 shows an experimental set-up incorporating an X-ray imaging sub-system
with a source, a 30×40 cm flat detector 1 and a skull phantom. The phantom is
covered with aluminum wires of various thickness as well as catheter guidewires.
The phantom is laterally driven by a vibration exciter, using its associated driving
electronics.
The acceleration is measured by a displacement sensor: an accelerometer Type
4371, followed by a charge amplifier Type 26922 . The signals are read-out by a 41 Provided

by Trixell through Philips Healthcare.
and exciter from Bruel and Kjaer, and amplifier from Nexus.

2 Accelerometer
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channel DSP analyzer. A nominal focal spot value of 0.8 mm (IEC norm [126]) is set
for the X-ray tube. A detector zoom mode of 22-cm diagonal field size is chosen with
a pixel-size 0.154 mm and a 1024 × 1024 pixel matrix. The skull-detector air-gap is
15 cm and the source-image distance 102 cm. Sine waveforms are used for excitation
of the free-moving shaker-head and the temporal phase, related to the X-ray pulses
per image of various widths and number, is varied. Eight phase angles of 45-degree
steps are set with frequencies of 8 Hz, 14 Hz, 30 Hz and 50 Hz, each with amplitudes
of 0 mm, 0.02 mm, 0.04 mm, 0.08 mm, 0.16 mm and 0.32 mm. The 50-Hz maximum
amplitude of 0.08 mm is limited by the maximum payload of the shaker.
A second series of experiments is carried out by replacing the skull phantom by
a tungsten precision-milled edge in a slightly slanted position (Samei [127]) for MTF
measurement purposes. Here we use a comparable method for the extraction of the
LSF, i.e. the edge response at the left of Fig. 5.4 is sheared by an affine transform
(Wissink [128]), such that all the shifted pixel contributions are aligned and an oversampled response is produced. The responses are added along the edge direction and
the derivative taken in the direction perpendicular to the edge. The Fourier transform
is carried out and the MTF is computed by assessing its absolute value. Adequate
over-sampling is achieved at a 3-4 degrees tilt-angle. Isoplanatism is warranted by a
proper choice of the edge direction with respect to the anode angle, i.e in a direction in
which foreshortening is not encountered. The edge is placed at a 15-cm distance from
the detector, because of that assuming the same position as the skull front. Its tilt angle
is 2.8 degrees. The same parameter settings for the imaging sub-system are applied
as in the skull experiment, in order to assure that the same focal shape is established.
Two X-ray pulses per image, with a width of 134 ms and separated by 33 ms, are used
for each image at a rate of 2 fr/s. The vibration phase is locked to the pulse timing
such that 8 images are acquired with a phase step of 45 degrees, thereby covering a
complete cycle. When analyzing the MTF, a worst-case image in terms of maximal
blurring is selected in order to relate to a worst-case phantom-image assessment later
for perception purposes. Flat-field and off-set corrections are carried out in order to
annihilate fixed-noise patterns.

5.3.2 3D calibration shift measurement
An Xper floor-mounted cardio-vascular system3 is used for 3D calibration measurements. The iso-center shift per coordinate is measured during 10 acquisition runs
for a C-arm propeller rotation with 120 image-views in a 1024 × 1024 pixels format. For trend removal, the following measure-preserving transformation is made:
the average is taken for each arc position in the reconstruction plane and this value
is subtracted from each shift value per position. For an image run-length of 120 positions across a 200-degrees arc travel, the average position per run across the 10
runs, varies 0.004 mm in standard deviation. The second moment varies 0.005 mm in
standard deviation and consequently, limited ergodicity in the broad sense can be assumed, since the ensemble (run) average equals the time average. Moreover, limited
3 Manufactured

by Philips Healthcare.
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Figure 5.4: MTF measurement with a slanted edge. From left to right: an edge response, an
enlarged part of the edge response showing the individual pixels with the gradually changing
grey levels, the affine transformed image and its derivative.

stationarity can also be assumed: the values per position vary 0.005 mm over time,
as a standard deviation averaged over 10 runs. These results constrain the interpretations of the statistics in a sense that for small excursions the position resolution may
be limited. The position statistics of the iso-center drift is found by evaluating the
array of 120×10 elements which yields sufficient spatial accuracy. A histogram is
produced to provide the spread function associated with the probability distribution of
the projected iso-center positions.

5.4 Results on the vibration experiments
In this section we verify the vibration model by measurements on actual imaging
systems. We start with (1) an evaluation of the 2D model in terms of the modulation
transfer, followed by (2) an assessment of vibration limits for the angiographic projection case and (3) we end with the 3D model, which is verified for the vibration-induced
deterioration of the sharpness.

5.4.1 Verification of the 2D MTF model
In order to emphasize the effects of vibrations, an extreme (impractical) amplitude of
320 µm with a frequency of 8 Hz is selected for driving the edge in a lateral direction.
Fig. 5.5 shows the simulation results in a best curve fit for a sine amplitude of 309 µm.
Further discussion on these convincing results will follow later in this section.
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Figure 5.5: Simulation and measurement results for the MTF, resulting from 2D vibration
motion including the simulated component MTFs.

5.4.2 Assessment of 2D vibration-amplitude limits
Here, we search for the perceptual sensitivity for the system in vibration. First, we
assess the threshold for blurring, followed by the threshold for image shift.
Fig. 5.6 shows the simulated amplitude thresholds for a single pulse of 64 µs width
and 120 µs width. For varying vibration frequencies up to 40 Hz and at a worst-case
phase angle, the amplitude is calculated for a loss of 20 % area of the system MTF, in
order to find a threshold for blurring. This value has been found by three experienced
observers for this particular experiment, based on evaluating the detail sharpness of
the skull and the aluminum wires of varying diameter. An asymptotic behavior is
found for zero frequency.
In the figure, the blur limit approaches an obvious infinity value for zero vibration
frequency, i.e. no vibration results in the absence of blur. For an increasing frequency,
an analysis of the LSFs explains the minor oscillations along the curve that can be observed, which result from specific frequencies related to pulse-width and phase. For
example, for the 120-ms pulse-width, the curve has a first local minimum (76 µm) at
6 Hz. The spread function has a maximum energy concentration at the edges, at the
expense of its mid-portion. This results in an increase of energy of the MTF lobes
beyond the first zero point. Via a point of inflexion (82 µm) at 8.3 Hz, related to a
complete cycle within the pulse, a maximum (89 µm) is reached at 11 Hz, indicating a
maximum of energy concentration for the mid-portion of the spread function. Again
a local minimum (81 µm) is reached at 15 Hz for a relatively high concentration at
the edges. The function will gradually approach a constant value, as more complete
cycles are comprised within the pulse. The LSFs for the specific points are displayed
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in Fig. 5.7. Fig. 5.8 shows the associated MTFs.
All worst-case blur functions are symmetrical (zero center of gravity) directly originating from the point-symmetry of the sine with respect to the pulse. A value of
0.08 mm for the maximum amplitudes across the frequency range is found for an acceptable blurring.
Let us now look at the image shift resulting from the vibrations. The threshold
for the amplitude for image shift is assessed by solving for a center of gravity shift of
1/4 pixel (Equation (5.9)). This limit is again found by three experienced observers
and indicates an acceptable subtraction quality (no deterioration at all at 1/8 pixel) for
the skull phantom with and without the aluminum wires. The relevant blur functions
are asymmetrical and originate from pulse-based sampling of the vibration function
in the time domain. For a better understanding, we refer to Fig. 5.1, showing the
resulting LSF for various time-positions of the sampling interval related to the Xray pulse. This figure shows that the blur function at the right is asymmetric for
positions deviating from the zero crossing of the sine wave. Let us now switch back
to Fig. 5.6. Asymptotic (to infinity) threshold values are shown for the frequencies at
multiples of the reciprocal pulse-widths. For zero frequency (below 1 Hz), both curves
approach the stationary 40µm threshold, which accounts for a 1/4 pixel limit (one
pixel is 0.154 mm as mentioned earlier), since the pdf approaches a constant value for
this frequency and the center of gravity position coincides with the amplitude of the
vibration function.

1000
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Shift limit 64 ms
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Blur limit 64ms
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Figure 5.6: 2D Vibration amplitude threshold as a function of frequency for blur and shift.
Two pulse-widths of 64 ms and 120 ms are shown.
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Figure 5.7: 2D Vibration LSFs for extrema at the worst-case perception limits of
(6 Hz, 76 µm), (8.3 Hz, 82 µm), (11 Hz, 89 µm) and (15 Hz, 81 µm).

5.4.3 3D Measurement and modeling of the quasi-random shift
In this section, we describe the measurement of the quasi-random shift of the calibrated coordinate system during an image acquisition sequence and compare these
results with the vibration blur model.
Fig. 5.9 shows the results of the measured remnant total shift upon calibration,
derived from the histogram for the y-direction (see Fig. 5.2), i.e. the LSF in the
trans-axial plane. A run of 120 images is acquired at 30 fr/s in a 10242 format. The
X-ray control is set at a required pulse-width of 10 ms. Fig. 5.9 also displays the simulation result (dark solid curve) for three frequencies 5.7 Hz, 13 Hz and 4.4 Hz and
their related amplitudes, being 0.0165 mm, 0.004 mm and 0.016 mm, respectively, as
shown in Fig. 5.10. The first two Eigenfrequencies and amplitudes are found by finiteelement simulations for system mechanics in response to the C-arc bearing movements. The amplitude of the 4.4-Hz vibration has been chosen as an average value
for set-point induced vibrations for the C-arc movement and should be regarded as
the voussoir to arrive at the simulation result. For system IQ simulations, frequencies
with a spectral width of 10 % at FWHM4 are chosen as found by system mechanics simulations. The final response to vibration emerges from the convolution of the
responses shown in this figure, which are derived from a simulated scatter function
for three frequencies and 1,200 acquired images. A scatter plot for a limited number
of views (3×120 views) for the three specific amplitudes is portrayed by Fig. 5.11.
Fig. 5.12 shows the simulation results for the three dominant frequencies during an
actual acquisition sequence. Again the number of views has been increased to 1,200.
The convolution of the three independent LSFs yields the final blur function, which
4 Full

Width at Half Maximum
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Figure 5.8: 2D Vibration MTFs for extrema at the worst case perception limits of
(6 Hz, 76 µm), (8.3 Hz, 82 µm), (11 Hz, 89 µm) and (15 Hz, 81 µm).

is visualized in non-normalized form in Fig. 5.13. The associated MTF is displayed
in Fig. 5.14. This figure also contains the MTF found by the Fourier transform of the
convoluted calibration-remnant LSFs. Assuming that the two MTFs are independent,
which is valid because they are acquired at different instances with unrelated vibration
phases, the total MTF can be found by the product of the partial MTFs.

5.5 Discussion
5.5.1 2D Blur and shift
Generally, the sampling instants, taken at 30 fr/s with a 10-ms X-ray pulse-width, will
be random with respect to the vibration functions and deliver random image shifts and
blur. The curve-fit in Fig. 5.5 shows the accuracy of the 2D modeling of the system
MTF (dashed line) compared with the measured system MTF (edge measurement) for
the worst-case phase positions. The deviation of the vibration amplitude is 2.8 % for
a best fit (320µm measured vs. 309µm simulated) and this accuracy can be accounted
for by the scaling accuracy and a minor deviation of iso-planatism5 , while evaluating
the image. Upon this verification, system parameters can be used for two particular
2D angiography cases. First, generally blurring allows for a maximum amplitude of
80 µm. Second, the subtraction quality and image shift with a solve for a 1/4-pixel
shift has resulted in a shift of 1/4 pixel value for low frequencies below 1 Hz. For
higher frequencies, the requirement can be alleviated, with asymptotic extremes at
multiples of the reciprocal pulse-width. Solving for 1/8 pixel as a maximum value for
5 The
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constant level of sharpness throughout the region of evaluation in the image.

5.5. Discussion

1.4

Normalized LSF

1.2
1
0.8
0.6

Measured
response

0.4

Simulated
response

0.2
0
-0.05

-0.03

-0.01

0.01

0.03

0.05

y (mm)

Figure 5.9: Convolution of the three LSFs for points of gravity positions for 3D, referring to
calibration. Measured and simulated responses are shown.

discerning background texture as observed by the image quality experts, yields an amplitude of 1/8 pixel or 20µm, using linear scaling. Other observers (Meijering [129])
claim 1/10 pixel for a similar situation analyzing subjective visual results only, which
is very close given the usual perceptual tolerances.

5.5.2 3D Blur and shift
As shown in Fig. 5.9, the system under test performs better than the reported 0.1 mm
shift (Rasche [122], Cho [123], Fahrig [124]), while we have found a value of 0.06 mm
peak-to-peak for the trans-axial case. The blur function, due to remnant position deviations while calibrating the iso-center, proves to have a symmetrical near-exponential
distribution for a single frequency (Lawless [130]). As can be discerned in Fig. 5.10, a
symmetrical truncation occurs at the maximum amplitude of the vibration component.
The induced blurring during an actual run amounts to 0.07 mm peak-to-peak. These
results imply that for high-resolution imaging, the vibration-induced loss in MTF is
negligible. The combined MTF amounts to more than 90 % at the maximum resolution of around 3 lp/mm which has been found for high-resolution imaging modes
(Snoeren [17]). Since the position of this blurring component in the pre-sampling
domain implies image-blurring-only and consequently, this leads to a lower effective
Detective Quantum Efficiency (DQE) for higher frequencies in the iso-center. Since
we have obtained a high value of the MTF, the previously mentioned effect can be
neglected. Inputting simulated vibration amplitudes provides results that match well
with the measured spread function for calibration remnants. The X-ray noise plays
a negligible role for determining the centers of the calibration phantom spheres. The
measured effect of blurring during an actual run cannot be isolated, since the combined
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Figure 5.10: Simulating three LSFs at three amplitudes for points of gravity positions for 3D
referring to calibration.

components for the complete imaging chain largely dominate the modulation transfer.
The vibration-induced remnant blur, as a convolution of independent spread functions
in the reconstruction plane, resembles a Gaussian function, even for three dominant
frequencies. This resemblance will increase further when following the central limit
theorem, as the number of independent vibration modes increases.

5.6 Magnetic fields
The extreme sensitivity for magnetic fields as encountered in Image Intensified radiography does not apply when using the flat detector. The earth magnetic field of the
order of 50µT would cause severe image shifts and distortion if not shielded properly.
However, large magnetic fields can influence the focus size and position of foci in
the X-ray tube. The results can differ considerably and depend on the electron optics sensitivity as shown in Fig. 5.15. The bright cross-hairs should be ignored since
they serve alignment purposes only. The large focus shows a larger sensitivity due to
lower initial field strengths for the electrostatic imaging lens. The images in the figure
display large distortions due to the extreme asymmetries in the electron trajectories
for large magnetic fields. In this case, the magnetic field is three orders of magnitude larger than the earth magnetic field. Should these large fields occur, shielding
will reduce the effects. For simulation purposes, the LSFs can be readily found by
approximation through trapezium-shaped functions, i.e. a convolution of rectangular
functions of appropriate widths.
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Figure 5.11: Simulated scatter plot for the points-of-gravity for three vibration amplitudes.
The results refer to calibration remnants only.

5.7 Conclusions
We have related C-arc system vibrations to IQ deterioration for 2D angiography and
3D cone-beam X-ray imaging, using large Flat Panel detectors. We have modeled the
shift and blur functions in 2D projection imaging. The models are based on random
sampling of the inverse vibration function, which show that asymmetric blur functions
emerge. These can be assessed for worst-case conditions related to perception. The
models allow us to predict image shift and blur and consequently, the obtained image
quality in terms of MTF. When the vibration amplitudes are known, the allowable
values for system image shift and MTF loss can be assessed for a predefined image
quality. For 3D cone-beam imaging, we have modeled the vibration-induced MTF
upon system mechanical calibration and the MTF for an actual acquisition run. The
model has been verified by inputting simulated amplitudes, thereby showing that the
blur function for calibration remnants closely resembles the measured function, with
a typical deviation of 10%. Summarizing, we conclude that for the system under
test, vibrations play a negligible role, even for high-resolution imaging. Since the
vibration-related MTF directly influences the system blur and does not integrate noise,
this result emphasizes the quality of the system calibration and even would allow for
an alleviation of the parameters of the mechanical design.
It has been shown that for extreme external magnetic fields, the influence on IQ
due to extra focal spot blurring can be included in the model, by simple geometric
approximations of the LSF.
The verified accuracy of the model allows us to design for IQ at the system level.
The previous chapter has provided the intrinsic IQ model. This model can now be
completed with deterioration effects on IQ, resulting from vibrations and magnetic
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Figure 5.12: Simulating three LSFs at three amplitudes for the 3D case describing blur during
an acquisition run.

fields. In the next chapter, we will apply the model-based design to a realistic application in a hospital environment. In this design we incorporate the effects of IQ
deterioration by vibrations by inserting the vibration component as part of the total
cascaded imaging chain.
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Figure 5.13: Convolution of the three LSFs during an acquisition run.
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Figure 5.15: Variation of focus size with the magnetic field for a dual focus X-ray tube. Top
patterns: 0 T, bottom 50 mT. Small focus (S) and Large focus (L) for 60 kV and 100 kV tube
voltage.
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6
Optimal imaging of Nitinol stents

“An expert is a man who made all the
mistakes that can be made in a very
narrow field”
Niels Bohr

This chapter describes the design and the application of a high-resolution 3D
X-ray interventional imaging protocol for intracranial Nitinol stents. A system-level
approach on Nitinol stent imaging is given with an optimal protocol for 3D C-arc flat
detector imaging. For this purpose, an image quality simulation and an in-vitro study
is carried out. Nitinol stents of various brands are placed inside an anthropomorphic head phantom, using an iodine contrast medium. Experiments with objects are
preceded by image quality and dose simulations. We broadly vary X-ray imaging parameters and detector formats paired with specific X-ray settings. High-contrast spatial resolution is evaluated with a CT phantom. A high spatial resolution larger than
2.1 linepairs/mm (lp/mm) allows struts to be visualized. Measured absorbed doses
are shown to be lower than 50 mGy Rotational X-ray Dose Index (RXDI). By balancing the modulation transfer of the imaging components and tuning the high-contrast
imaging capabilities, we show that thin Nitinol stent wires can be reconstructed with a
high Contrast-to-Noise ratio and good detail, also for the clinical setting, while keeping radiation doses within recommended values. The experimental results compare
well with the imaging simulations, which is expressed by the calculated resolutions
being within 20% of the measured resolutions.

6.1 Introduction
In Chap. 4 we have addressed the inherent Image Quality properties of the conebeam 3D imaging system and in Chap. 5, we have discussed the effects of mechanical
calibration remnants appearing as image blurring. In this chapter, we perform a robust
validation of the imaging of Nitinol stents and the developed model, by an in-vitro
application in a hospital environment1 , using a state-of-the-art cardio-vascular system.
We will prove that the verified model can be fiducially applied to the design of an
improved imaging protocol for Nitinol stents.
1 Karolinska

Hospital, Stockholm, Sweden.
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For a decade, flat detectors are being applied in interventional X-ray systems
and have shown a large improvement in image quality over image-intensified detection. Vessel anatomy can be displayed with a sub-millimeter resolution and a high
Contrast-to-Noise Ratio (CNR). Almost parallel in time, 3D-cone beam imaging, using a flat detector in a C-arc system, was adopted and eventually displayed an image
quality approaching that of CT with respect to contrast resolution (Wallace [131],
Orth [132]). However, despite the above improvement, 3D imaging of objects with
high X-ray transparency and small detail, may still be difficult (Söderman [133]).
Materials such as Nitinol with its excellent bio-compatibility and self-deployment
by shape memory (Hoh [134]), are widely used for intracranial stents, and generally yield good clinical results (Sedat [135]). The usage of Nitinol stents has become
a common practice in the endovascular treatment as a coiling scaffold (Weber [136],
Peluso [137], Wakhloo [138]), to prevent wire herniation (Moret [139]). Intracranial stenting became feasible as a routine treatment by the introduction of these very
flexible stents and have become a single treatment for a number of neurovascular conditions (Biondi [140], Kurre [141]).
The visualization of Nitinol stents in the treatment of atherosclerotic stenoses
(Bose [142], Aurboonyawat [143]) is challenging and necessitates a highly developed
X-ray imaging technique. Generally, in 2D clinical imaging protocols, only the stent
end-markers made of tantalum or platinum, can be recognized, but the stent body itself and struts are barely visible due to the low absorption of the constituents. The
stents are manufactured from a very thin material and most are self expanding, i.e.
made from an alloy such as Nitinol. Most Nitinol stents are difficult to visualize with
fluoroscopy or C-arm cone-beam CT. Visualization can be improved by increasing
the density of the stent, more radiation, or enhanced image acquisition settings and
processing. Increasing the density will add material and therefore unfavorably alter
the stent’s characteristics and is therefore undesirable. An increase in dose will not
be accepted (Struelens [144]). Consequently, the visibility is preferably improved by
further optimizing the imaging chain. To support and judge correct positioning, the
Nitinol stent should be visualized in its wall apposition, while conforming to varying
diameters throughout the stent’s length. To this end, it is advantageous to view details
with virtually optical quality.
The objective of this chapter is therefore to improve visualization of Nitinol stents.
To this end, we need a high-contrast resolution combined with high-spatial resolution
imaging. With 3D cone-beam imaging based on flat detectors, both CNR and spatial
resolution can be tailored such, that fine-detail rendition is sufficient to visualize the
stent’s struts. We describe a vascular imaging technique validated by an image quality
assessment, using phantom objects with a variety of commercially available Nitinol
stents. The purpose of this study is to visualize details of a stent, to support an improved analysis of its placement, by exploiting a joint optimization of all components
of the imaging chain and the associated 3D vascular imaging platform.
The structure of the validation in this chapter is as follows. First, we feed the
developed model with the appropriate imaging parameters in order to obtain realistic
simulations, where variations are applied to achieve an optimized imaging protocol.
Second, we verify the model by imaging in vitro objects in appropriate phantoms.
Third, we measure the image quality descriptors such as resolution and the influence
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Table 6.1: An overview of the stent properties.
Type

Manufacturer

Neuroform

Boston Scientific,
Natick MA
Cordis,
Bridgewater NY
ev3,
Plymouth MN
Boston Scientific,
Natick MA
Balt Extrusion,
Montmorency FR
Balt Extrusion,
Montmorency FR
Mikrus/Biotroniks,
San Jose CA

Enterprise
Solitaire
Wingspan
Silk
Leo+
Pharos

Length
(mm)

Diameter
(mm)

Strut cross-section
(µm)

Material

15

3

w 68 × t 66

Nitinol

37

4.5

N.A.1

Nitinol

20

4

∅ 80

Nitinol

20

3.5

w 68 × t 73

Nitinol

25

3.5

N.A.1

25

2.5

N.A.1

25

2.75

∅ 60

Nitinol,
4 Pt wires
Nitinol,
2 Pt wires
Steel
Cr-Co alloy

of absorbed dose. Fourth, representative in vivo images are acquired and evaluated.
The lay-out of the chapter is as follows. In Sec. 6.2 we will examine the used materials
and methods followed by the experimental results in Sec. 6.4 and clinical results in
Sec. 6.5, which are discussed in Sec. 6.6. Finally, we will draw the conclusions in
Sec. 6.7.

6.2 Materials and methods
6.2.1 General considerations
The 3D model, as described in Chap. 4, calculates the image quality in terms of signal flow through the entire imaging chain, using image quality descriptors like MTF,
impulse response, noise power, (low) contrast-to-noise ratio and high-contrast (spatial) resolution. Associated with these descriptors, the acquired dose can be calculated at any point in the physical chain, including the CTDI type of dose assessment
(RXDI) for cone-beam imaging. The analytical model considers all the intra- and
inter-component relations within the imaging system (also before and after detection).
The quality description incorporates an image quality degradation, which results from
e.g. system remnant blurring upon geometrical calibration and arc movement. The
analytical model, comprehensively described by Kroon [15] [145], allows us to vary
the system parameters in X-ray generation, absorption, dose and detection, as well as
in 3D image processing. All previous factors have a direct or indirect influence on the
resulting IQ, so that the parameter variations lead to associated quality changes. The
explored parameter variations will be described in the next section. These variations
have the aim to finally yield accurate verified results.
1 Not

available: the manufacturers did not supply the dimensions.
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6.2.2 Phantom and system description
• Phantom. A number of self-expandable Nitinol stents (Table (6.1)), as well as
one steel-based stent for reference, are deployed in plastic (infuse) tubes with an
inner diameter of 3.5 mm, which are inserted in a channel of an anthropomorphic head phantom2 , placed in the system iso-center. The tubes are filled with a
diluted contrast agent: 500 ml H2 O and 50 ml Visip 2703 , in order to produce a
550-HU density mimicking a contrast filled vessel. The remainder of the phantom channel is filled with diluted contrast agent: 5000 ml H2O and 50 ml Visip
270, producing a 31-HU density. Another set of experiments is carried out by
filling the tubes with 31-HU-diluted contrast agent and the remaining volume
again with 31 HU, representing blood. Yet another experiment is performed by
inserting platinum coiling wires close to the stents, in an air-filled cavity in the
phantom, enabling an assessment of streaking effects.
• System. We use a vascular system4 equipped with a large (30×40 cm) flat
detector and a 3D workstation for producing the 3D-rendered images and hosting the typical 3D image post-processing modules. Images are acquired with
a standard 3D protocol (with 45-49 mGy CTDI dose) using a large detector
zoom format in combination with a large X-ray focus, or in a zoomed detector
format (22-cm imaging diagonal) combined with a small tube focus. A set of
620 images is acquired with 30 fr/s, resulting in a 20-s scan-time over a 200◦
arc-travel.
• Dose. RXDI is measured using a standard measurement protocol with a 16cm diameter PMMA cylinder. We use a pencil dose-detector with a length of
10 cm, centered in the length of the cylindrical phantom and complying with a
volume-CTDI method (RXDI) as indicated in Sec. 4.4. With this method, we
determine the average dose along a 10-cm pencil ionization chamber. The dose
is measured with a calibrated meter5 . The CTDI dose is kept below 50 mGy.
We determine the values using the largest irradiation field, while keeping the
technique factors identical to those for the high-resolution case with its smaller
field. The CTDI protocol would be meaningless for a smaller beam format, as
it is not irradiating the complete cylinder with a diameter of 16 cm, and thus not
the peripheral probe positions.
• Resolution. Spatial resolution is measured with a CT phantom6 . The resolution
reading is limited by the phantom maximum resolution value of 2.1 lp/mm. For
the modeled limiting resolution analysis, a 4% modulation threshold has been
chosen.
• Contrast. Object (physics governed) contrast is set by three tube voltages. This
leads us to the following protocols: standard 3D Neuro protocol (120 kV), In2 CIRS,

Norfolk, Virginia, model 603.

3 GE.

Xperr
Mult-O-Meter 601-PMS
6 Catphanr 500
4 Philips
5 Unfors
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Table 6.2: Volume and voxel dimensions for the Standard protocol and the HighResolution/High-Contrast imaging protocol (HIRES).

HIRES
Standard

Reconstruction zooming
%

Volume
(2563 , mm3 )

Voxel length
(mm)

50
33
33
17

52.8×52.8 × 52.8
34.4×34.4 × 34.4
82.7×82.7 × 63.9
42.6×42.6 × 32.9

0.21
0.13
0.21
0.17

tracranial Stent protocol (ICS, 80 kV) and ICS High Resolution (HIRES, 80 kV,
zoomed detector format).
• Reconstructions. The reconstructions are carried out in a zoomed mode, i.e. a
Region Of Interest (ROI) has been chosen as a fraction of the maximum volume,
determined by the detector size and the projection geometry. This volume is
sub-divided into the desired voxel matrix. The corresponding technical parameters are shown in Table 6.2, where linear reconstruction zoom-factors of 50%
and 33% for the HIRES protocol and 33% and 17% for the standard protocol
are listed (zooming should be regarded as an effective reduction in reconstructed
volume). A voxel matrix of 256 cubic is applied to all cases. The final images
are rendered by Maximum Intensity Projection (MIP) with a slice thickness of
5.0 mm, accommodating the stent’s radial dimensions. The zoomed secondary
reconstructions are carried out by panning the volume such that the relevant
stent phantom portions are centered therein.

6.3 Model parameter tuning and optimization
This section describes the optimization model for obtaining a high IQ as a function
of a multidimensional consideration of the system factors outlined in the previous
section. Prior to presenting our optimization method, we recall an important figure
for our vision on IQ and the associated system factors. For this purpose, we propose
to recapitulate the fundamentals of Fig. 2.7 in Chap. 2, which support the discussion
on developing metrics on IQ. The presented IQ model in that figure resides on three
main pillars, each consisting of a base in the pre-sampling domain and a capital in
the post-sampling domain. Contrast (C), Noise (N) and Sharpness (S) are considered
as the main IQ descriptors, which are interrelated by compound descriptors such as
Detective Quantum Efficiency (DQE), Contrast-to-Noise Ratio (CNR) and one of the
widely used perceptive measures, like the Contrast-Detail visibility (C-delta). Besides
the previous compound descriptors, we also have other influential IQ factors such as
limiting spatial resolution (not shown in the figure). It was found that by intersecting
the MTF curve with a threshold modulation curve, we obtain a simple Figure Of Merit
(FOM). For optimization purposes, the integrated MTF curve will be used as a FOM
for sharpness along with the CNR. The IQ-framework has its foundation in signal
generation and dose, more specifically patient dose and detector dose.
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The complete model optimization consists of six steps. We start our process towards an optimal dose control by listing dose-related items, eventually leading to minimal patient absorbed dose (PD) and maximum IQ. Second, we consider the sharpness
descriptors of the system. Third, we tune the various component MTFs of the system
towards a joint optimal setting. Fourth, we address the impact of aliasing as an important factor of 2D image acquisition. Fifth, we review the relations between field
size, pixel size, volume and voxel size. Sixth and as final step, we judge the clustered
component MTFs for making decisions on the guideline for a final optimal setting.
We conclude with some final remarks on the system contrast-transfer.
Step 1: Dose control
• Detector dose. To make full use of the chosen detector dynamic range, we
consider the average requested dose/image and the maximum direct radiation
dose, which is set to yield a linear operation (if skull-to-tissue transitions should
be imaged correctly, saturation is prohibited).
• Patient dose. We set the desired X-ray beam quality such that along with
X-ray pulse-height and -duration, the dose/image is controlled and the related
patient-absorbed dose. The latter can be simulated with a model, as shown in
the preceding chapter. The model values are input to determining the optimal
settings. Here we include the number of projections being considered adequate
for a good reconstruction with limited view aliasing. Since both pre-sampling
contrast and patient dose are affected by the X-ray beam quality, we introduce
the notion of CNR per unit RXDI. This compound FOM enables us, inter alia,
to tune the system in terms of the balance between IQ and dose, thus IQ-PD.
With the above being satisfied, the model simulation will be performed, such that
it balances the relevant Modulation Transfer Functions (MTF) of the imaging components, thereby taking noise transfer into account. The MTFs involved in the system
sharpness transfer in the trans-axial plane, including the object, can be listed as follows and are ordered according to Fig. 6.1:
Step 2: Sharpness factors
• Object. The object MTF is assessed by the Fourier transform of the impulse
response of a wire with a circular cross-section and the Nitinol material. The
transmission is assumed having a cosine shape. For its diameter, an average of
0.07 mm is taken, which is representative for the stents under investigation (See
Table 6.1).
• X-ray focus. The X-ray focus for this particular case has an effective width
of 0.42 mm, which is the smallest of the dual-focus X-ray tube. Its shape is a
|Sinc| function, which is the Fourier transform of a rectangular pulse.
• Scintillator. The scintillator-layer MTF is based on a typical specification.
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• FD aperture. The aperture MTF, together with the scintillator MTF, constitutes
the detector pre-sampling MTF. The aperture MTF has typically a |Sinc| function shape. This pre-sampling MTF will act as a noise transfer function on the
absorbed quanta, if a quantum-sink at the light-generation and light-collection
stage can be neglected (small contribution of Poisson noise to the photons). This
assumption is valid for the CsI:Tl scintillator with its large photon production
(∼1000) per absorbed quantum.
• Geometric calibration remnants and actual vibration contributions. The vibration deterioration MTF is taken as the product of the calibration MTF and
the actual vibration-induced MTF during the acquisition stage. The details are
given in Chap. 5.
• Low-pass filter. This forms the obligatory first post-processing or algorithmic
MTF on the 2D projection data, which is constructed with a raised-cosine shape.
It cuts off high-frequency spatial noise.
• Voxel back-projection interpolation. This second algorithmic MTF, constructed
as the Fourier transform of a linear interpolation function, assumes the shape of
a |Sinc|2 function.
• 3D reconstruction aperture. For selective reconstruction, in this particular example 33% of the native maximum volume, the aperture is reduced with respect
to the native voxel size with the same factor and yields the third post-sampling
MTF. This MTF also assumes a |Sinc| function shape.
Step 3: Matching of component MTFs
The previously discussed MTFs are jointly considered now for system performance tuning. Focus size, detector pixel size, and the reconstruction voxel size are
matched such that the transfer contributions of each parameter are largely balanced,
resulting in an optimal spread function. Here, balancing means that the transfer functions maximally coincide, except for the pre-sampling functions which should be regarded as is, for a given system. These pre-sampling functions are: the detector scintillator MTF and the geometric calibration MTF. The latter seems over-specified for
this system (it is the second upper curve in Fig. 6.1), but leaves ample play for coping
with environmental vibrations in adverse conditions such as extreme floor vibrations.
As movements do not integrate quanta, this transfer function does not shape noise
transfer, like the receiving (integrating) detector aperture. Consequently, the vibration
MTF should be considered as a blur-only function. All the algorithmic processing
transfer functions affect both sharpness and noise, such as the ramp filter, which equalizes the back-projection blur. This differentiating function results in a flat modulation
transfer for this component, but a rising noise transfer function (Chap. 4). The prereconstruction anti-aliasing filter should be chosen such that no spectral components
are passed beyond the Nyquist frequency. The nearest pre-defined reconstruction volume is chosen such that it combines matching of the size of the stent under test and
yields an MTF lying close to the other component MTFs. No other component should
dominate or lapse in the cascaded chain. An example of this reasoning is using the
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largest focus size, which would reduce sharpness, while not reducing quantum noise,
as this would yield a sub-optimal design (the focus MTF is related to a transmitting
aperture without quantum noise integration).
Step 4: 2D aliasing.
This step involves the reduction of the aliasing artifact caused by the sampling
grid and the effective detector pixel size. Observing the MTF associated with the native pixel size with a fill factor of nearly 100%, when multiplied with the scintillator
MTF, we find a detector pre-sampling transfer of 10% at the Nyquist frequency, going
down to virtually 0% at the sample frequency. The power of the folded-back aliasing
components is smaller than 5%, which is considered an adequate trade-off with modulation transfer. It should be noted that this is associated with the detector design and
cannot be tuned in a system environment.
Step 5: Field-size and volume size.
A final aspect is the relation between the field-size and pixel-size or volume-size
and voxel-size. For a fixed matrix size, the field (volume) size should accommodate
the size of the object of interest. This could be circumvented by increasing the 2D
matrix size at the expense of an increased acquisition time for the projected images,
or an increased 3D matrix with its increased reconstruction calculation-time, all for a
given pixel or voxel throughput. An increased 2D acquisition time would hardly be
acceptable as far as the limited retention time of a contrast agent is concerned.
Step 6: Optimized cluster of component MTFs.
All in all, in optimizing the chain, there is a driving force towards maximizing the
component shape in the direction of the positive frequency axis, thus increasing modulation transfer. This increase will come at the expense of a performance reduction of a
nature which depends on the type of component and this drives the curve in the counter
direction. Summarizing, for the example in Fig. 6.1, the component MTFs are well
balanced and approach eachother’s magnitudes. The native pixel-aperture MTF is an
outlier, compared to the clustered MTFs. When attempting to control this MTF curve
towards the response of the cluster, this would involve 2×2 pixel down-sampling,
which unfortunately results in a sharpness loss of a factor of 2 for this component and
it would be the weakest link in the chain. The CNR would be increased slightly in that
case, thereby compensating for the loss in information transfer. In our optimization,
we have chosen to preserve the sharpness.
As a result of the optimization, the high-contrast spatial limiting resolution is
shown in Table 6.3.
We conclude with a final remark on the obtained optimization method. The overall contrast transfer is mainly determined by the pre-sampling contrast as imposed
by the beam quality and the object spectral absorption, which also determine the PD.
For the dose control, we have limited the PD to a predefined value, while maximizing
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Figure 6.1: Component MTFs for a HIRES protocol with a reconstruction volume that is 33%
zoomed.

the physics-related contrast, so as to maximize the CNR/RXDI. The post-sampling
contrast transfer of the acquisition data is initially set to linear, followed by the logarithmic transfer for the transformation to material densities. This non-linear transformation does not affect the validity of the model, since for small excursions, signal and
noise are identically processed. Evidence for the small-signal response can be found
in Fig. 6.1, wherein the object modulation function is shown to be much higher (in
integrated area) than the compound total transfer function. This means that the object
impulse response is smeared to a large extent.

6.4 Experimental results
6.4.1 General model deviation aspects
Let us now discuss the measured results. We have found deviations of 10-20% between measured and simulated model values, which can be accounted for by the
choice of the threshold modulation of 4%. We optimize for the MTF and the inherent system impulse response, including the stent strut diameter with an average
of 0.07 mm, as well as for the contrast and noise. The true resolution of the highresolution protocol is higher than the maximum reading of the Catphanr 500 phantom
and could thus not be measured when using this phantom. Since the basic materials
of the stents are identical for all types (see Table 6.1), we have decided to only use
one stent type, namely a Wingspan Nitinol stent. Only for the high-resolution/highcontrast case, the imaging results of all stents are shown, including the steel Pharos
reference stent. These results will be elucidated in the following subsections.
153

6. O PTIMAL IMAGING OF N ITINOL STENTS
Table 6.3: Limiting high-contrast spatial resolution as measured with a Catphanr 500 phantom (The Phantom Factory) and simulated with the IQ analysis program.
Spatial resolution

Reconstruction definition
volume fraction (%)

Measured
(lp/mm)

Simulated
(lp/mm)

Non-zoomed
33
17
Non-zoomed
50
33

0.5
1.3
1.6
1.1
2.0
> 2.12

0.5
1.6
1.8
1.2
2.5
3.2

Standard

HIRES

6.4.2 Reconstructed stent images inside a head phantom
Figs. 6.2 through 6.6 show snapshots of reconstructed images in planes through the
stents’ axes and centered within the volume, where window settings on the work station are such that contrast and noise are comparable. For absolute stent dimensions,
see Table 6.1. Fig. 6.2 shows the results of the three protocols for 31 HU, where for
reference, an optical image of the stent is shown also. The reconstruction scalings
for the high- and standard-resolution cases are found in Table 6.2. Fig. 6.3 shows the
images for the high-contrast tube filling of 550 HU. Apart from the object contrast,
the conditions are identical to those described for Fig. 6.2. The effect of varying the
X-ray tube voltage is shown in Fig. 6.4, referring to a sequence of reconstructed images, displaying the image contrast for the infuse tubes filled with 31-HU contrast
liquid. Fig. 6.5 depicts the effect of streaking due to highly opaque platinum coils for
31-HU filling. Finally, in Fig. 6.6, a number of stent types illustrate the performance
in the high-resolution/high-contrast mode, for again 31-HU contrast liquid. Fig. 6.6
also shows example results of the more radiopaque material platinum in the Silk and
Leo stents and the Co-Cr steel-alloy Pharos stent.

6.4.3 High-contrast spatial limiting resolution
Measured and modeled limiting resolutions are summarized in Table 6.3. The results on measured resolution are found by reading the reconstructed images from a
Catphanr 500 phantom in a trans-axial plane.

6.4.4 Dose RXDI
By adjusting the technique factors, the CTDI-type weighted dose is kept at the desired
low value of 50 mGy for all protocols. The actual dose measurement and the analysis
are carried out with a radiation field covering the 16-cm CTDI phantom. Table 6.4
shows the measured and simulated values. The measured inter-system CTDI-dose
variability is +/- 0.5 mGy. We have observed a systematic low error of up to 10%
between measured and analytically modeled dose values.
2 Catphanr
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Medium zoom

High zoom

a: 50%

a: 33%

b: 17%

b: 33%

c: 33%

c: 17 %

Standard contrast

High contrast

Standard resolution

High resolution

Figure 6.2: Wingspan Nitinol stent. A comparison between (a) the high-resolution/highcontrast case, (b) the standard-resolution/high-contrast case and (c) the standardresolution/standard-contrast case. In all cases, an intra-tube contrast agent of 31 HU is used.
The relevant reconstruction (sub) volumes are denoted as 50% and 33% for the HIRES case.
For the standard resolution, 17% and 33% images are shown. For comparison, a contrastinverted optical image is shown at the far left of the image. The table above the images shows
the IQ improvement steps from right to left, where the columns indicate each applied imaging
condition as a grey-shaded box (white means not used).

6.5 Reconstructed clinical images
We now move from the evaluation of phantom images to the quality of the reconstruction of clinical images7 . Fig. 6.7 shows a trigeminal artery that has been treated with
7 The author gratefully acknowledges the support of Dr. M. Söderman of the Karolinska hospital in
Stockholm, Sweden, for this clinical evaluation.
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Medium zoom

High zoom

a: 50%
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b: 17%

b: 33%

c: 33%

c: 17 %

Standard contrast

High contrast
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High resolution

Figure 6.3: Wingspan Nitinol stent. A comparison between (a) the high-resolution/highcontrast case, (b) the standard-resolution/high-contrast case and (c) the standardresolution/standard-contrast case. In all cases, an intra tube high-density contrast agent of
550 HU was applied. The relevant reconstruction (sub) volumes are denoted as 50% and 33%
for the HIRES case. For the standard resolution 17% and 33% images are shown. For comparison, a contrast-inverted optical image is shown at the far left of the image. The table above
the images shows the IQ improvement steps from right to left, where the columns indicate each
applied imaging condition as a grey-shaded box (white means not used).

a Nitinol cage named LUNA and a Stryker Wingspan stent. This artery is an embryologic connection (collateral) of the cavernous portion of the internal carotid artery
and the basilar artery. It is a residual primitive connecting artery. The figure shows
that a faint outline of the LUNA in the aneurysm is visible together with its dense
distal marker. Fig. 6.8 displays a 0.2-mm cut-through of the stent’s axis and shows
the cage struts in the aneurism. The runs are made with contrast-media Visipaque 270
diluted 1 to 10, injected with 3 ml/second for 25 seconds. The HIRES protocol with
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Figure 6.4: Wingspan Nitinol stent. A comparison between the high-resolution cases for highcontrast (a: 80kV), intermediate-contrast (b: 100kV) and standard-contrast (c: 120 kV). The
50% and 33% reconstruction volumes are shown. The applied intra tube density was 31 HU.

Figure 6.5: Streak artifacts for Pt coils neighboring the Neuroform stent. (a) Highresolution/high-contrast case, (b) Standard-resolution/high-contrast case and (c) Standardresolution/standard-contrast case.

a 50% reconstruction zooming has been used here. The application is interesting, because these Nitinol cage devices are likely to replace coils for many purposes and a
good post-intervention visibility is of major importance.
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Figure 6.6: High-resolution/high-contrast cases for 50% and 33% reconstruction volumes
and various stent types. The tubes were filled with 31 HU contrast. The Enterprise stent at
33% reconstruction volume has been intentionally left out due to its large length not fitting this
reduced volume. The steel-based Pharos stent was included for reference.

6.6 Discussion
6.6.1 Related work in literature
During the past six years, the image quality of CT-like reconstructions, using a C-arc
interventional X-ray system equipped with a flat detector, has become increasingly
notable. High-resolution imaging, with sub-millimeter isotropic spatial resolution,
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Table 6.4: Measured and simulated CTDI dose for the Standard protocol and the HighResolution /High-Contrast protocol (HIRES).
CTDI
Standard
HIRES

Measured dose
(mGy)

Simulated dose
(mGy)

45
49

43
55

Figure 6.7: Trigeminal artery that has been treated with a Nitinol cage named LUNA and a
Stryker Wingspan stent. The image results from 50% zooming in the HIRES mode, MIP for the
whole stent and cage.

has continuously outperformed digital radiography (DR), fluoroscopy and even conventional CT (Kamran [146]). A continuous effort has been made to improve the
image quality, which has increasingly enabled imaging of details with low absorption.
Evidence on high-quality in vitro imaging of the proper deployment of Nitinol stents,
which relates to area coverage, kinking, prolapse and flattening, has been reported by
Aurboonyawat [143], Ebrahimi [147] and Alvarado [148]. The stent conformity in
curved vascular models and simulated aneurysm necks could be studied in detail. In a
clinical setting, Benndorf [149] has shown in vivo flat-panel imaging of the Neuroform
Nitinol stent. Imagery of balloon-mounted stents, based on a Cr-Co steel alloy, with
intra-venous administration of contrast medium, has been published by Buhk [150].
The reconstructed images allowed an accurate assessment of the stented lumen. Recently, Patel [151] demonstrated high-resolution and contrast-enhanced simultaneous
imaging of intra-arterial cerebrovascular stents and their host arteries.
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Figure 6.8: Trigeminal artery that has been treated with a Nitinol cage named LUNA and
a Stryker Wingspan stent. The image results from 50% zooming in the HIRES mode, using a
0.2-mm cut.

6.6.2 Our study
In our study, a Wingspan stent is chosen as an arbitrary example object for an evaluation through reconstructed images. The image quality improvement is assessed by
an evaluation of the reconstructed images. Clearly the spatial impulse response improves by introducing the HIRES protocol, as is shown in Fig. 6.2 for the 31-HU
contrast-filled tube, where both the CNR and the object contrast are improved. Both
the improved CNR and the spatial impulse response lead to a better visibility of the
stent’s struts, when comparing the standard protocol (17% zooming) with the results
of the high-resolution/high-contrast protocol (33% zooming). The open cell structure
of the stent is clearly discerned by virtually continuous strokes of the struts, with an
X-ray quality bordering an optical quality. In Fig. 6.3, a comparison can be made for
the 550-HU contrast filling. In this case, the contrast between struts and background
is lower due to the denser filling of the tube, giving an accordingly reduced CNR. The
sensitivity to object contrast can be readily viewed in Fig. 6.4, where the comparison
is made for a varying tube voltage. For these conditions, the obvious increase in the
CNR makes the stent more pronounced with respect to the (noisy) background and
accounts for the choice of the lowest voltage, 80 kV, for the ICS and HRES protocols.
In Fig. 6.5, streak artifacts which are associated with high-density platinum coils, are
shown. Although the window settings are optimal for stent perception, details are
still rendered with a sufficient contrast between stent and artifact. Finally, Fig. 6.6
displays reconstructions of all stent types for the high-resolution/high-contrast case,
showing the detail rendering of the protocol. As the cross-sections of the struts of the
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investigated types vary between 60µm and 80 µm, the rendered contrasts vary accordingly, since the optimized system impulse response dominates for all cases. The Silk
and Leo stents stand out more by high object contrast due to the platinum auxiliary
wires. In spite of the minimal strut diameter, the Pharos struts are rendered with the
highest contrast. Here the Co-Cr steel alloy accounts for an increased visibility due
to its inherent higher absorption. The remaining stent types are comparable in their
visualization quality, which is consistent, considering the similarity in dimensions and
composition. For all protocols under test, the maximum weighted CTDI (RXDI) dose
of 50 mGy is lower than the European guidelines, as according to EUR 16262 [152].
A dose of 60 mGy is recommended for routine head examinations. By using a smaller
irradiated field in the high-resolution case, the dose-length product is smaller as well,
due to the limited anatomical coverage. Moreover, we have found that the difference between modeled and measured doses is sufficiently small. The clinical images
show an excellent visibility of the struts, even for the cage-type of Nitinol filling of an
aneurism.

6.7 Conclusions
In the framework of a full-scale 3D imaging model for X-ray imaging, we have obtained a novel method for Nitinol stent imaging, yielding a much higher quality than
working with conventional imaging protocols. Our method for reaching this high
quality is based on a model for balancing the sharpness transfer and noise transfer of
the imaging components and optimally tuning the contrast rendering capabilities of a
3D X-ray imaging system, rather than empirical IQ optimization. We have shown that
thin Nitinol stent struts can be viewed with a high CNR and good detail rendering.
While optimizing, the CTDI, or rather RXDI as defined in Chap. 4, radiation doses
are kept well below recommended values according to European guidelines.
We have adopted the IQ-PD model from the preceding chapter for optimized imaging including dose control. We have found that the model accurately determines the
absorbed dose: deviations of 10% have been found, which are considered low in view
of the large number of components and processes involved in the imaging chain. The
system spatial resolution, although not a key parameter for the assessment of the imaging process, is determined with ample accuracy, a maximum deviation of 20% has
been found. This accuracy justifies the use of this figure of merit to show system optimization results, using a choice of discrete component MTFs. The quantitative results
are in good agreement with the IQ obtained in the phantom images, where our new
HIRES protocol yields resolution-increases of roughly a factor of 2. The use of the
clearly defined model prevents that the IQ optimization is trapped in a local optimum
and always leads to the best IQ setting.
The quality of 3D images, produced with optimum system settings, proves that
independent of the type or manufacturer of the Nitinol stents, the detail rendering is
adequate to assess the post-deployment shape. The stent’s struts can be imaged with
virtually continuous strokes. Even in the shadow of highly absorbing platinum coils,
the use of the high-resolution high-contrast protocol, results in an increased visibility
in spite of the streak artifacts emanating from a compacted wire cluster. In comparison
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with stents made of steel, which can be imaged more easily due to their X-ray opacity,
the imaging protocol proves its merits by allowing a dependable post-intervention
inspection of Nitinol stents, while keeping the absorbed dose at a comparable level
with respect to the standard protocol. The clinical value has been proven by producing
good imagery of the deployed Nitinol stents and aneurism cages in the neurological
application.
We have shown that the imaging system can be optimized by using the models
from the chapters on inherent IQ (Chap. 4) and deteriorated IQ (Chap. 5). Then we
have taken the design of an optimal imaging protocol for Nitinol stent imaging to a
conclusive level, by means of an unambiguous result of the optimization procedure.
The model gives such good results because it is based on fundamental aspects of Xray imaging, including knowledge of the essential conversion steps throughout the
chain with the involved components and metrics and the trade-off between CNR and
dose control. Optimality is ensured because of three arguments. First, we can design
according to verified FOMs as far as system and patient-dose control are concerned.
Second, the optimization method considers all vital MTF functions jointly for defining a system operation point. Third, all MTF functions leading to the IQ metrics are
inherently smooth functions in the frequency-region of interest, so that their performance points are well-defined and not obscured by a stochastic or spurious response
in the stop-band of the total MTF. Selectively clustering the controllable MTFs leads
to an optimization that maximizes information transfer for a preset PD. The soft tissue
imaging capabilities of the system can be successfully transposed to the imaging of inherent low-contrast metal objects. The designed protocol supports a work-flow which
avoids the need of moving the patient to a CT-imaging room, so that the comfort of
the patient is enhanced. As a bonus, the cost-effectiveness of the procedure is then
enhanced as well.
Up to this chapter, we have discussed all the relevant subjects leading to an optimum design for IQ. The next chapter discusses dynamic dose control and addresses a
solution to the IQ deterioration associated with direct radiation effects.
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Dynamic dose control

“Everything should be made as
simple as possible, but not simpler”
Einstein

In this chapter we propose a new signal processing technique for sensing in dose
control. Improper dose control in X-ray cardio-vascular systems may lead to a reduced Signal-to-Noise Ratio (SNR). For de-centered objects, or a highly transparent
anatomy juxtaposed to a region of interest, we aim at reducing the influence of an undesired response to bright areas (highlights) in an image measuring field. This would
normally lead to a reduced signal upon dose control. To preserve SNR, it is our desire to use a norm-like signal evaluation that controls dose with an optimized Image
Quality (IQ). To stabilize the average grey value of the image, the signal is measured
and averaged and subsequently fed back to the X-ray source. We have found that
geometric averaging in a measuring field outperforms existing techniques based on
arithmetic averaging and significantly improves IQ for strongly varying inter-image
and intra-image densities. The method yields an adequate Contrast-to-Noise (CNR)
ratio for de-centered objects. We provide convincing experimental results showing an
improved CNR of 20% and thus IQ.

7.1 Introduction
In X-ray imaging, a proper dose control is indispensable to maximize information
transfer, while keeping the patient-absorbed dose as low as reasonably achievable.
When dose is not properly controlled, the SNR may be severely decreased, which
leads to a reduced contrast resolution, thereby negatively influencing the diagnostic
value of the image. To temper this effect, an improved method is described, pertaining
to the optimization of dose control and IQ of 3D imaging with a moving C-arc Flat
Detector X-ray system. With a moving C-arc, direct radiation may pass un-attenuated
by the object, which initially leads to bright areas in the image. These conditions
are found in case of de-centered objects, or in case of highly transparent parts of the
body. Typical dose-control concepts evaluate the signal for control purposes, which
involves the integration of the signal content within a measuring field with a realtime weighting technique. As a consequence, the Contrast-to-Noise Ratio (CNR) will
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be lowered in highlight-containing projections, since the dose-control subsystem will
then reduce the X-ray fluence1 for the signals derived from a measuring field within an
acquired image. This technique results in a controlled grey level which is susceptible
for outlier contamination in the Probability Density Function (pdf) and leads to lowlevel images. An example of the resulting effect would be a poor separation of bone
and vessels in 3D vascular imaging, as the contrast-resolution would be lowered by
the decreased CNR and similarly give a reduced contrast-resolution for soft-tissue
imaging. This problem is obviously not limited to 3D imaging, as in the presence
of direct or weakly attenuated radiation, “vessels crossing bone” in 2D subtraction
angiography may also be poorly delineated due to noise.
Our aim is to find a norm-like signal evaluation that maximizes the information
transfer of the image, i.e. optimally maps its latitude onto the detector dynamic range,
so that the IQ is optimized. To stabilize the average grey value of the image towards a
required value for a good dynamic range usage, the signal is measured and averaged
and subsequently fed back to the X-ray source. Although the arithmetic mean has
been widely used for weighting, we have adopted the geometric average for the signal evaluation. We investigate this control method which optimizes patient dose and
detector dose and it will be shown that it yields a well-defined IQ in terms of system
contrast resolution.
We structure this chapter as follows. Subsection 7.2.1 gives a brief description
of an X-ray dose control system. Subsection 7.2.2 describes the performance and
requirements in terms of Signal-to-Noise Ratio and dose. Subsection 7.2.3 presents
the improvement of the proposed method. Section 7.3 embraces experiments and
the corresponding results. Section 7.4 discusses the results in terms of informationcontent and dose-level aspects.

7.2 Methods for signal evaluation
7.2.1 Dose control system
In X-ray systems equipped with a flat detector, as schematically shown in Fig. 7.1, an
X-ray beam at the right irradiates an object (ellipsoid body) and a flat detector at the
left receives the radiation and converts it to an electrical signal. At the detector, we
show a qualitative impression of a grey-scale profile, contained in a measuring field
for a de-centered X-ray elliptical phantom. The profile shows a highlight area from
direct radiation, giving too bright areas in the predefined measuring field of the image.
In the above concept, a dose-control system is embedded and operates as follows: a
control signal is derived from the detected signal and controls the X-ray source such
that the detected signal is kept constant. In typical systems, when highlights occur
in the measuring field, the control system will reduce the input radiation to a lower
dose-level, resulting in a reduced signal range in the region of interest. This lowers the
Signal-to-Noise Ratio (SNR) in the image. De-centering of the object further outside
the measuring field, amplifies this effect. It is our objective to (1) operate the system
1 This
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Figure 7.1: Geometric layout including a grey-level profile.

with a high control stability and (2) reduce the influence of the direct radiation parts
(highlights in the X-ray image) on the X-ray control loop.
Let us describe the control system in terms of a signal processing system. A
diagram of this description is visualized in Fig. 7.2. Herein, the output radiation of
the object is received by a flat detector. The signals derived from grey levels within an
image are supplied to a signal processor which computes and derives a control signal
that will keep the output constant by feedback to the X-ray source settings. We can
define a spatial transfer function T that yields the values of the absorption in each
projection, expressed in AGL/(mAs). The unit mAs stems from controlling the X-ray
generator current setting (mA) and the integration time (s) and AGL stands for the
Average Grey Level. Knowing the input I0 expressed in calibrated grey levels, the
transmission function Ti can be evaluated on a pixel basis with pixel value ai by:
Ti = ai /I0 .

(7.1)

These per-pixel transmission values serve as an input for a 3D image reconstruction
algorithm.

7.2.2 Performance and requirements
As the flat detector has an inherent low contrast loss, several orders of magnitude may
exist between attenuated and un-attenuated detected radiation. The control system
will respond to direct radiation detected within one ore more measuring fields in an
image by setting the input radiation to a lower value. In Regions Of Interest (ROI),
the CNR will be lowered in the projected image, since the output signal is kept constant. This determines directly the CNR in the reconstructed image. In Chapter 2,
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Figure 7.2: Block diagram of an X-ray control system including radiation source, object and
detector.

we have described an overview of various forms of noise playing a role in X-ray systems: fixed-pattern noise and dynamic noise. The former is assumed to be removed
up to a negligible level by calibration actions. For the latter, it can be shown that
X-ray quantum noise dominates over detector noise for the detector dose-levels per
image, as encountered in 3D soft-tissue imaging. The detector dynamic range being
properly used, the distance between the additive noise floor and the average signal
will be largest. In this case the quantum noise on the signal, or the voxel noise upon
reconstruction, will dominate and can be described by (see Chap. 4.2.1)
2
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Here, the standard deviation σ is expressed as a function of the number of views
mproj , the geometric magnification Mgeo , the detector Detective Quantum Efficiency
η, the noise equivalent bandwidth in the reconstruction plane N EBxy and the noise
equivalent bandwidth in an axial plane N EBz , the input quantum density q0 , the linear object absorption coefficient µj and the absorption length dj . The input quantum
density q0 directly determines the voxel standard deviation (see: Section 4.2.1). As
the variables preceding the summation sign can be regarded as system constants, the
expression reduces to
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= ksys
.
(7.3)
−µj dj
q
e
0
j=1
It can be noticed that when q0 is lowered, the noise increases and thus IQ deteriorates. In case of direct radiation, the control system regulates towards a lower value
of q0 . This regulation is performed by measuring the signal level, using an averaging technique. A typical function is arithmetic averaging, however, this approach has
the known disadvantage of outlier sensitivity. Consequently, the control system will
lower the input dose (lower q0 ), such that the standard deviation of the voxel noise is
increased. For the arithmetic averaging in the signal processor, the pixel grey values
ai are evaluated with
n
1∑
avarithmetic =
ai .
(7.4)
n i=1
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7.2. Methods for signal evaluation
In this expression, equal weights are applied to every pixel value ai such that the
influence of direct radiation is directly visible. The CNR will be deteriorated and
consequently, the contrast-detail visibility is reduced. We require an image evaluation,
delivering a control signal, which is largely related to the density in the region of
interest (a more detailed discussion follows at the end of this chapter). Our objective
for modifying the control signal is such that it will not increase the patient dose and
should be efficient in calculation.

7.2.3 Improvement of the dose control signal
Numerous compensation techniques have been studied to deal with highlights or contrejour effects in automatic exposure control systems for cameras. The proposed solutions use more or less the knowledge about the relevant parts of the image histogram
to reduce the weight of the highlight portion of the histogram. The use of such histograms is widespread in television imaging. X-ray imaging and the associated X-ray
control system are similar in that respect. Some general examples of histogram-based
compensation are given in: Su [153] and Morimura [154]. Advanced contrast analysis for surveillance cameras is discussed in Cvetkovic [155]. Instead of the abovementioned arithmetic averaging and highlight-weighting methods, we propose an alternative control-signal norm (Snoeren [18]):
v
un
u∏
n
avgeometric = t
ai
for
ai > 0.
(7.5)
i=1

This expression is justified as follows. When looking at time series analysis, where
we aim to use a model to forecast future events based on known past events, a model
will generally reflect the fact that observations closely spaced together in time will be
more strongly related than observations further apart. If the process variable changes
due to an accumulation of discrete shifts, then it is known that the geometric moving
average is an optimal predictor of the next observation (Jenkins [156]). This property
is well suited for our dose control problem. In our case, the best predictor is the
moving average of the multivariate process, which describes the imaging process as
a vector consisting of the pixel values within the spatial control aperture (measuring
field). The control-disturbance consists of two parts:
• A changing density following an unknown random distribution.
• A growing undesired portion due to an un-attenuated radiation response which,
in case of de-centering the object, continuously increases.
If we take the spatial average across a region of interest, we require a process-parametri
zation that gives an immunity against sudden signal variations in the discrete-time
sampled series. For mitigating the effects caused by highly transparant parts or direct
radiation, it would be advantageous to adopt the achievements related to the notion of
an optimal predictor. In this respect sudden density changes would not pose the difficulties that arise in an arithmetic averaging for the inter-image dynamic control case.
The advantage of the geometric average as a norm-like evaluation is that it does not
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Figure 7.3: A logarithmic grey-scale compression.

favor the direct radiation terms, but instead balances the weighted distance between
the average of the subset of interest region in the histogram and the average of the
highlight portion of the full-image histogram.
Equation (7.5) may be rewritten for calculation purposes to:
(
avgeometric = exp

n
∑

)
ln ai

1/n

,

(7.6)

.

(7.7)

i=1

similarly,
(
avgeometric = exp

1∑
ln ai
n i=1
n

)

The method achieves an expansion of low pixel values and compression of highlights
(see Fig.7.3), which complies with our discussion earlier in this section. Since zero
values are forbidden, the lower part of the logarithmic function is adapted slightly
in order to avoid numerical overflow. This signal norm complies with the necessary
positivity and uniformity (scalability) properties.

7.3 Results on dose control
This section describes in two ways a performance comparison of the new dose control.
We not only compare the new dose control with the typical current control method,
but we commence with the process of comparison, i.e. how we will compare the new
dose control with the typical one. This section is organized as follows. First, we will
determine the object transmission factor for both methods. Second, the ratio between
the two transmission factors will give us the improvement factor of the detector irradiation. Third, this improvement factor is inserted in the expression of the voxel noise,
so that an improvement of the standard deviation of that noise can be calculated.
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Figure 7.4: Elliptical C-delta phantom.

7.3.1 System and applied phantom for comparison
The new control technique has been applied in a commercial vascular imaging system,
equipped with 3D reconstruction software. For comparison, the existing arithmetic averaging method can be switched on as well, allowing for the following experiments. A
proprietary elliptical phantom of 32 cm by 24 cm with a density of 12 HU (Hounsfield
Units) is placed off the system rotation center by 5 cm in a lateral direction (v in
Fig. 7.1) and a regular run of 620 images is acquired. The phantom contains inserts
with circular cross-sections of varying diameter and density (Fig. 7.4). Detail visibility can be found by viewing the set of diameter-contrast combinations that can just be
discerned [157]. For both signal norms, the AGL is measured in a circular measuring
field, as well as the input signal I0 .

7.3.2 Measured results
Fig. 7.5 shows the measured results for the Arithmetic Average Grey Level (AAGL)
and Geometric Average Grey Level (GAGL) signals, as a function of the acquired image number. The values are normalized with respect to the grey levels corresponding
with the required detector dose. Apart from a transitional response at the onset of
the run, the average level is virtually kept constant for both cases. This transitional
response can be completely removed by setting the initial conditions of the dose control. Fig. 7.6 displays the object transfer function for both cases with a considerable
overshoot for the AAGL case, which is essentially due to the lowered input signal
upon sensing direct radiation in the measuring field. In order to evaluate the effect of
the sensing method, the ratio between the transmission factors is shown in Fig. 7.7.
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Figure 7.5: Normalized result for Arithmetic Average Grey Level (AAGL) and Geometric Average Grey Level (GAGL).
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Figure 7.6: Object transfer function.

The decrease will account for an increase in noise, as can be evaluated by Eq. (7.2)
(for the result see Sec. 7.3.3). The resulting IQ can be verified by the test phantom
and yields a measured value of 20% increase in the Contrast-to-Noise Ratio for the
geometrical averaging case.
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Figure 7.7: Ratio of the object transfer-functions based on TGA and TAA.

7.3.3 Calculated results on voxel noise and its effect on IQ
Now we can calculate the improvement in voxel noise by using Eq. (7.2). The ratio for
the noise powers can be found by summing the ratio of the transmission factors. The
calculated improvement value amounts to 23% reduction of the standard deviation.
The previously mentioned percentages, induced by an increase of the dose in the dark
areas, yield a better IQ.

7.3.4 Perception results
An effect on soft-tissue imaging is shown in Fig. 7.10 with clearly better resolved
disks for a Polymethylmethacrylate (PMMA) cylinder surrounded by water. The CNR
improvement in this particular case is a factor 1.3, resulting in the visibility of just one
extra disk. The improvement in CNR is confirmed by a contrast-detail perception
outcome. Fig. 7.8 shows a qualitative effect of the method on the grey values for a
laterally de-centered skull projection. The improvement is virtually independent of a
limited off-axis position of the body. The levels are higher for the right part referring
to the geometric average. Fig. 7.9 displays the effect on contrast resolution for a 3D
reconstruction. The various densities are better resolved as shown in the histogram for
the geometric case at the right part of the image.

7.4 Discussion on the method and comparison
We have searched for a robust or rather resistant metric (norm) that minimizes the effect of extreme values of the signal. Such a signal norm should avoid extreme scores,
or a parameter should emerge that predicts the random behavior of another future en171
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Figure 7.8: Effect on grey level for a lateral projection of a skull (top) and a frontal de-centered
projection (bottom). Left: the arithmetic average, right: the geometric average.

Figure 7.9: Increase of contrast resolution for the geometric average reflected in the 3D re-
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construction. Display of a frontal view with the corresponding histograms at the bottom. At the
left: the arithmetic case. At the right: the geometric case.

7.4. Discussion on the method and comparison

Figure 7.10: Effect on contrast resolution for a de-centered C-delta phantom in a PMMA
cylinder surrounded by water: upper left the arithmetic average, upper right the geometric
average. In order to accommodate the perception of the just noticeable disk, the bottom row
shows the duplicated images with the disks superimposed.

semble average sample, independent of the observed data obtained by repeated sampling. This effect can be achieved by segmentation, thereby isolating the region of
interest in the histogram. However, the short-term average should reflect the necessity
to map the latitude of the information-carrying part of the image on the dynamic range
of the detector, while preserving sufficient guard-space to avoid overflow. An aggressive removal of extreme excursions in the control signal can lead to saturation and loss
of information at the tissue-to-air transition. The static intra-image case should then
reflect the reduced effect of extreme signals.
In the sequel of this section, we relate the above discussion to normalizing the
signal to the metric that is insensitive to large-signal excursions. For this purpose,
we have explored the entropy of the signal. The objective is to find an estimator that
minimizes perceived entropy, thereby closely approaching the histogram of the region
of interest, or for a given dataset, which is corrupted by extreme signals, extracting
the desired data average. The following sub-section elaborates on using the entropy
as a key parameter and relating that to the geometric averaging.
With respect to inter-image variations, sudden signal changes should result in
dampened transient responses from the X-ray generator (see Fig. 7.5), giving out a
maximally flat response across the acquisition run. The shape of the object transfer function, following the ellipsoid body for the geometric averaging case, yields
evidence for the considerable exclusion of direct radiation. Moreover, our proposal
should not lead to excessive patient doses, as addressed in a second section.

7.4.1 Signal norms and entropy
The control process evolves over discrete-time samples by the varying density distributions across the control sample aperture. The multivariate (multi-pixel) control state
vector consists of past inputs, outputs (actual detection and disturbances as mentioned
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by Forbes [158]). In our view, we may describe the X-ray control system as an information system with a probability density function on a set of events (E) and a set of
observations (I), where the system is evaluated in terms of a posterior effect. Speaking in control terms, in a parametric model, the prior dose estimation (I) in after-pulse
X-ray dynamic control systems should be chosen such, that the posterior dose setting
(E) is (nearly) optimal. Similar reasoning can be performed but now in information
terms, leading to the question how we should optimally update the state of knowledge
by choosing the correct estimator. This indicates that we deal with incomplete statistics, as an average is used. The sets of observations and events are defined as the pixel
values within a Measuring Field. The desired pdf is a subset of the complete image
histogram. The disturbing extreme signals increase the entropy to a large extent. Going back to the control view of this discussion, translates the problem statement into
finding a norm-like signal size representing a minimal size of a signal that maximizes
the information transfer of the image, or optimally maps its latitude onto the dynamic
range of the detector. The geometric average performs such a task better than the
existing arithmetic averaging.
In our case, a minimum entropy parametric estimator should minimize the estimate of the entropy of the pdf (Lavenda [159]). The Shannon entropy H corresponds
to the logarithm of the inverse of the geometric mean, so that
∑
H=−
pi log2 pi ,
(7.8)
i

where H reaches its maximum if and only if when the grey-value pdf pi is uniform.
The entropy is the negative arithmetic mean of log2 (pi ). Its antilog yields the geometric average [160]:
avgeometric = 2(−H) .
(7.9)
When considering the previous equations, we conclude that the entropy and the geometric mean of the pixel grey-value probabilities are inversely related. Exponential
entropies are shown to be measures of the extent of a pdf as indicated by Campbell [161]. He defines the range of the pdf as the number of non-zero discrete points
in the sample space and proves that:
µ(Ω) ≥ eH ,

(7.10)

where µ(Ω) is a measure of extension of the histogram. A minimum-entropy evaluation thus minimizes the effects of dispersion on the estimator. We do not control the
process shape towards a target pdf (Wang [162]), but rather use an estimator instead,
that virtually favors the range of interest in the histogram. As such the geometric
average acts as a minimum-entropy estimator of the grey-value pdf.

7.4.2 Dose-level aspects
The IQ cannot be optimized through excessive dose levels for the patient. Instead,
with our efforts to optimize IQ, we follow the ALARA principle, according to nuclear
regulations [163], stating that “making every reasonable effort to maintain exposures
to radiation as far below the dose limits as is practically consistent with the purpose”.
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The former practice in image capturing has been that doses in relevant image portions for the ROI are used such that doses should support the IQ in that region. As a
consequence, the doses could be too low, due to neighboring high signals adjacent to
the ROI. For the new technique we aim at a lower control signal to increase the controlled dose. That lower control signal is achieved by considering the mathematical
inequality of an arithmetic average and a geometric average, since it holds that
v
u n
n
u∏
1∑
n
t
ai ≤
ai .
(7.11)
n i=1
i=1
For largely uniform absorptions, the geometric average in the above equation is equal
to the arithmetic average, giving equal dose, yielding that the controlled dose is not
affected in comparison with the former weighting. However, when highlights appear,
the dose in the ROI will attain the required level. Mathematically speaking, equality
in this equation exists for all ai equal, i.e. for a spatially constant absorption. To
illustrate the result of constant absorption, we inspect the lateral projection of a skull
(Fig. 7.8), wherein the measuring field content is virtually constant and the result
in controlled dose for both weighting functions is equal. The same effect is shown
in numerical form in Fig. 7.6, where for the projection along the minor axis of the
elliptical phantom, the weighting functions virtually yield the same result. A predefined dose, given as input to an optimization process will output an IQ that justifies
the exposure in the anatomy of interest.
There is an additional argument for the adopted solution based on geometric averaging because it can be coupled to the exponential nature of attenuation. If we want to
measure the size of the system, i.e. the object transfer function in terms of attenuation
with respect to I0 , the geometric averaging as a signal norm is an appropriate choice
all the more. For this purpose, we consider the very essence of the reconstruction algorithm which serves as a density estimator by taking the logarithm of the attenuation,
specified by:
∫
I
= exp(− µ(l)dl),
(7.12)
I0
or, alternatively:
− ln(

I
)=
I0

∫
µ(l)dl.

(7.13)

For the geometric averaged controlled signal per view, we employ Eq. (7.7), which
leads to
{
)}
∫
∑(
S = exp 1/n
ln I0 − µij dl
≡ const.
(7.14)
A

Herein, µij denotes the density per pixel matrix position ij within the measuring field
area A and ln I0 stands for dimension-less grey values. Since ln I0 can be regarded as
spatially constant, the expression turns into:
{
)}
∑ (∫
µij dl
≡ const.
(7.15)
S = exp ln I0 − 1/n
A
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Adaptive spatio-temporal control. For a varying average density, dose control is accomplished by adapting the logarithm of the input irradiation ln I0 in order to keep the
output constant. This permutation to controlling density estimations rather than linear
weighting in the control process, results in the aforementioned smoothing effect on
the inter-image temporal response for the generator control. As this beneficial effect
is accompanied by the reduction of intra-image highlight influences, both steep temporal gradients as well as steep spatial gradients within a measuring field are properly
dealt with in that way.

7.5 Conclusion
Dose control in C-arc X-ray cardio-vascular systems may lead to a reduced SNR, or
rather a reduced CNR and thus lower IQ in regions of interest, when direct radiation
is detected within a measuring field. These high-level signals, which do not carry
information, will effect a lower dose than required at the detector entrance plane.
The use of a control signal norm based on the geometric average for dose control,
largely eliminates the detrimental effect of direct radiation entering a measuring field.
This improvement can be readily explained by the analysis of the voxel noise and is
confirmed by contrast-detail measurements. The new averaging technique, effectively
balances the weighted distance between the average of the probability-density subset
of the interest region and the average of the highlight portion in the measuring field. As
a result, the CNR of details with respect to their anatomical background is improved
considerably. It is interesting to note that in our explanation of the method, a strong
link with information theory is established. As a minimum-entropy estimator, the
geometric average minimizes the effects of dispersion in the histogram, resulting in
an optimal mapping of the shadow-image latitude on the detector dynamic range.
The proposed control method is explained with the following aspects. It is well in
league with the logarithmic processing for both 2D and 3D imaging techniques and
optimizes for the spatial intra- and inter-image density variations resulting from highlevel signals. Additionally, it favors the temporal response of the control system as
well, by dampening the response on steep-density transitions.
Our study demonstrates the possibility to significantly reduce the effects of highlights in dose control, giving a clearly improved IQ. An increase in CNR has been accomplished, while keeping dose within required limits, as supported by the geometricmean arithmetic-mean inequality. With a simple computational effort, a large immunity against these adverse conditions is established. We comply with the general aim
of the research, where we seek to maximize information transfer for a pre-defined patient dose. The patient dose, found as a result of optimizing the imaging components
in the complete chain (see Chap. 2 and Chap. 4), will be faithfully realized in the
system, but requires calibration of the system for maximum performance, in terms of
fixed-gain and off-set effects, memory effects and movement effects, all discussed in
the preceding chapters.
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8
Conclusions

”You cant wait for inspiration. You
have to go after it with a club.”
Jack London

In this final section, we first summarize the conclusions, then discuss the research
questions with related answers and finally provide an outlook to future research, elaborating on our findings.

8.1 Conclusions of each chapter
In this thesis we have described the techniques for modeling and control of 3D X-ray
cardio-vascular systems in terms of Image Quality and Patient Dose, aiming at optimizing the diagnostic quality. We commenced with modeling the process of ghostimage reduction in the scintillator layer. This is in line with the first objective of this
thesis, which is to maximally reduce the artifacts that stem from this ghosting effect.
A second goal is optimization of the complete imaging chain, starting at the X-ray
source and ending at the 3D reconstruction-processed images. A third objective is to
optimize dose control such that a large immunity to direct radiation is established. Let
us first summarize the conclusions in the order of the chapters.
Chapter 2. In the first part of this chapter we have expanded upon a typical cardiovascular imaging system, constructed as a cascade of components. These components
range from the X-ray source to the 3D reconstruction processing. A strong emphasis is
laid upon the image acquisition in 2D and the 3D-filtered back-projection reconstruction. We have summarized a basis for IQ descriptors in a linear systems approach for
the pre-sampling and post-sampling domain and refined these descriptors for intrinsic
and deteriorated IQ. This approach eventually enables us to model, design, apply and
assess for IQ and PD at the system level. We have concluded with a list of artifacts
and the possible remedies, as frequently encountered in 3D reconstruction imaging.
In particular the ring-artifact due to a hysteresis effect has been substantiated, since it
required serious attention in the framework of IQ improvement.
In the second part of this chapter, we have clarified the principal scintillation characteristics and detailed the scintillation materials fit for medical imaging. We have
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described the scintillation mechanism for doped alkali-halide crystals. In particular,
the luminescence model for CsI:Tl, has been underlined. We have included the external stimuli, which provoke crystal modifications on a lattice level. We have have
shown the impact on IQ by the scintillation layer, in particular hysteresis and afterglow for CsI:Tl.
Chapter 3. In this chapter, we have studied the reduction of ghost images for flatdetector X-ray systems by using near-UV and blue-light irradiation. We have devised
a method for reducing hysteresis effects by at least a factor of 4 in a CsI:Tl-doped
scintillator. For reduction of the sensitivity for ghosting, we use back-lighting of the
scintillator layer, employing LED arrays. Our proposal combats the ghosting problem
by saturated trap filling through UV light, or trap depletion by blue light, respectively.
We have modeled the process on a microscopic qualitative level and on a macroscopic quantitative level and found that an optimum UV-irradiation fluence exists. In
a competing mechanism, electron-scavenging color centers are activated along with
electron-producing centers. An optimum wavelength at 364 nm has been found, which
maximizes trap population and minimizes trap depletion. Based on our experiments
and literature study, we assume a reduction of color centers by adding Na as a codopant, which accommodates a virtually population-only process by using Pb as an
electron donor. The surge of electrons of the Tl-bound traps towards deeper traps
is obstructed by a potential barrier, induced by the Na+ ions. This obstruction role
of Na in a CsI(Tl,Na,Pb) layer is confirmed by a limited color-center concentration.
We have also tested a layer which exhibits trap depletion only. A heavily Tl-doted
CsI:Tl layer performs well at 464 nm, but comes with an afterglow. Both continuous
and pulsed irradiation by UV light have reduced ghost patterns below the levels of
contrast resolution.
We have found that the main IQ parameters are not adversely affected by the proposed method. At the detector level, the noise behavior for an UV-irradiated patch
(362 nm) of the CsI(Tl,Na,Pb) layer is virtually equal to that of a non-irradiated part.
The MTF of the scintillator is invariant upon UV irradiation. As a consequence, DQE
measurements reveal no changes with respect to a non-irradiated layer. The sensitivity of the scintillator increases with irradiation, which is consistent with the notion of
saturated trap population.
At the system level, our method for the reduction of ghost images is as efficient as
de-ghosting by X-ray, but with our method removing the patient from the X-ray system is no longer required. The proposed method may also be applied in high-speed
CT imaging using micro-columnar CsI scintillating layers.
Chapter 4. We have developed a novel 3D Image Quality and Patient Dose (IQPD) model, as an extension of an existing 2D simulation platform for C-arc rotational
conditions, featuring specific calculations on contrast, sharpness, noise and (patient)
dose. The complete X-ray system from X-ray tube, up to and including 3D processing is modeled in blocks for each separate component or process. The individual
components of the X-ray system can be addressed and multi-component parameter
dependencies are included. A further result is the development of 3D phantoms.
Simulation and measurement results show a significant correlation with the mea178
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sured dose values with deviations typically below 10%. The simulated CNR agrees
with the measured results within 30%. This accuracy is considered sufficiently high in
view of the large number of components involved. If artifact reduction by proper system calibration is accomplished, system design will result in optimal 3D-reconstructed
images by model-driven tuning of the acquisition and the reconstruction parameters.
Chapter 5. We have related C-arc system vibrations to IQ deterioration for 2D
angiography and 3D cone-beam X-ray imaging, using large Flat Panel detectors. We
have modeled the shift and blur functions in 2D projection imaging. The models for
shift and blur are based on random sampling of the inverse vibration function. Shift
and blur can be assessed for worst-case conditions related to perception. The models
allow us to predict image shift and blur and consequently, the obtained image quality
in terms of MTF. For 3D cone-beam imaging, we have modeled the vibration-induced
MTF after system mechanical calibration and the MTF for an actual acquisition run.
The model has been verified by inputting simulated amplitudes, thereby showing that
the blur function for calibration remnants closely resembles the measured function,
with a typical width deviation of 10%. We have concluded that for the system under test, vibrations play a negligible role, even for high-resolution imaging and could
allow for an alleviation of the key parameters of the mechanical design. It has been
shown further, that for extreme external magnetic fields, the influence on IQ due to
an extra focal spot blurring can be included in the model, by using simple geometric
approximations of the LSF.
Chapter 6. In the framework of a full-scale 3D imaging model for X-ray imaging,
we have obtained a novel method for Nitinol stent imaging. Our method is based on
a model for balancing the sharpness transfer and noise transfer of the imaging components and an optimized tuning of the contrast rendering capabilities of a 3D X-ray
imaging system, rather than using an empirical IQ optimization. We have shown that
thin Nitinol stent struts can be viewed with a high CNR and good detail rendering.
While optimizing, the radiation doses are kept well below recommended values according to European guidelines. We have found that the model accurately determines
the absorbed dose: deviations of 10% have been found, which are considered low in
view of the large number of components and processes involved in the complete imaging chain. The system spatial resolution is determined with ample accuracy, where a
maximum deviation of 20% has been found. The quantitative results are in good
agreement with the IQ obtained in the 3D phantom images, where our new HIRES
protocol yields resolution-increases of roughly a factor of 2. The use of the clearly
defined model prevents that the IQ optimization is trapped in a local optimum and
leads to the best IQ setting.
The quality of 3D images, produced with optimum system settings, proves that
independent of the type or manufacturer of the Nitinol stents, the detail rendering is
adequate to assess the post-deployment shape. Even in the shadow of highly absorbing platinum coils, the use of the high-resolution high-contrast protocol, results in an
increased stent visibility in spite of the streak-artifacts emanating from a compacted
wire cluster. In comparison with stents made of steel, which can be imaged more
easily due to their X-ray opacity, the imaging protocol produces good imagery of the
179

8. C ONCLUSIONS
deployed Nitinol stents and aneurism cages in the neurological application.
Chapter 7. Dose control in X-ray cardio-vascular systems may lead to a reduced
CNR in regions of interest, when direct radiation is detected within a measuring field.
These high-level signals, which do not carry information, will effect a lower dose
than required at the detector-entrance plane. The use of a control-signal norm, based
on the geometric average for dose control in a C-arc X-ray system equipped with a
flat detector, largely eliminates the detrimental effect of direct radiation entering a
measuring field.
The IQ improvement can be readily explained by the analysis of the voxel noise
and is confirmed by contrast-detail measurements. The new averaging technique, effectively balances the weighted distance between the average of the probability density subset of the interest region and the average of the highlight portion in the measuring field. As a result, the CNR of details with respect to their anatomical background
is improved considerably. The method, being well in league with the logarithmic
processing for both 2D and 3D imaging techniques, optimizes for the spatial intraand inter-image density variations resulting from high-level signals. Additionally, the
method favors the temporal response of the control system as well, by dampening
the response on high-density transitions through the sequence of consecutive images.
With a simple computational effort, a large immunity against adverse conditions, such
as highlight areas entering the measuring field, is established. We comply with the
general aim of the research, where we aim at maximizing information transfer for a
pre-defined patient dose, enforced by a strong link with information theory.

8.2 Discussion on the research questions
Based upon the above, we briefly discuss the research questions as posed in the introduction chapter. First, we answer the Research Questions (RQ) and System requirements (SR) on the light-assisted hysteresis reduction.
• RQ1a How to scientifically justify, design and validate a de-ghosting procedure with a UV light exposure? We have found the answer to this question by
an extensive literature study and setting up a large number of experiments on
the scintillation layer, detector and system. An all-embracing analysis of the
measurements has resulted in a model, that predicts the IQ in terms of memory
effects. We have validated the model to set wavelength and irradiation level,
which has provided an optimal reduction of the ghost images (see Chap. 3).
Eventually, a fully functional prototype has been realized at the system level,
which has shown a similar performance as with an existing method.
• RQ1b What are the side effects of the new procedure on the system image
quality (e.g. MTF, DQE, lag, sensitivity) and how do they depend on the parameters of the UV light (e.g. wavelength, power, duration)? We ascertain, for
an optimum choice of wavelength and irradiation energy, that the primary IQ
descriptors MTF and DQE are not influenced at all. The lag, or afterglow in
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the resulting images is reduced and the sensitivity for X-ray is increased, both
leading to an IQ improvement.
• RQ1c What is the efficacy of the method compared to a high-dose X-ray exposure and how can the ghost images be optimally removed with the new technique, considering system design? We have concluded that the efficacy of the
method is comparable to the existing method using a high-dose X-ray. The
removal of ghost images is best accomplished by applying an optimum wavelength at 364 nm and an optimum irradiance (see Chap. 3).
• SR1: The new method should not interfere with the existing system performance. The method should be integrated in an easy way in the existing architecture. The application of low-fluence UV pulses synchronous with the X-ray
pulses, in a time slot where no X-ray detection takes place, offers an optimal integration and removes ghost images while not interfering with the regular X-ray
image acquisition.
Second, we discuss the questions related to the general IQ model.
• RQ2 How can we extract the component transfer functions from the known 2D
image acquisition steps and the 3D image processing steps and derive IQ models, taking signal-, sharpness-, noise-, contrast-transfer and dose into account
for a cascaded imaging system? Knowing the fundamental physical phenomena
and the processing properties associated with the imagery based on a cascade of
components, including the joint effects of these components on the IQ parameters, we have been able to define and or derive the core descriptors for IQ like
MTF, Noise Power Spectrum, contrast and finally a Figure Of Merit, combining
the previous descriptors. The key parameters of IQ are clearly covered in these
descriptors, so that they can serve as a model for IQ. Additionally, we have
included the effects of IQ deterioration by addressing the specific mechanical
vibrations as described in Chap. 5.
• RQ3 How can we optimally design for IQ and (patient) dose, in particular for
a hospital application case? We have verified the final IQ described by the
models and have found a good correspondence in terms of MTF, CNR and dose,
by a series of experiments, in which actual measurements of sharpness, noise
and contrast were conducted (see Chap. 4). The outcome of these experiments
leads us to the design of an optimum imaging protocol, which is proved by a
successful application in a hospital for a special imaging case, in particular the
imaging of a Nitinol stent (see Chap. 6). The thin wires of the stent were imaged
in high quality. We have found that the mechanical vibrations have no effect on
the IQ for this case of high-resolution imaging.
• SR2: The transfer functions should apply to a cascaded imaging subsystem. We
have successfully applied the transfer functions to a complete system, ranging
from X-ray quanta generation to reconstructed volumes.
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Third, we respond to the questions on dynamic dose control aspects.
• RQ4 How can we evaluate a prior image in order to extract a control signal that
warrants an optimal use of the detector dynamic range in a posterior image?
We have implemented an evaluation of the prior image in terms of a geometric
average instead of an arithmetic average, leading to a control signal which is
largely immune to the increased signal latitude by highlights. By doing so, the
signal latitude in the region of interest optimally maps onto the dynamic range
of the detector. This control signal processing matches well with the logarithmic
signal processing that is typically used in both 2D and 3D imaging, which has
been mathematically proven in Chap. 7.
• RQ5 How will the method alleviate the effects on IQ of direct radiation entering
a dose-control measuring field? The control-processing algorithm reduces the
effect of highlights entering a measuring field if a lateral object shift occurs,
or if a lung field is entering the measuring field. This has been verified by the
experiments in Chap. 7. The processing establishes a more faithful reproduction
of the required detector dose. This conclusion is based on considering the type
of signal processing involved in the control and the outcome of the previously
mentioned experiments.
• SR3: The method should preferably have only a minor impact on the X-ray
system design. As the method modifies the dose control signal only, with no
significant increase in computational effort, the changes in system design are
kept minimal. Due to the simplicity of the method, it has been widely adopted
in industrial production.

8.3 Outlook
We have collected a number of remarks on possible improvement in the future and
classify those into three categories that follow the organization of the thesis.

A. Hysteresis reduction of the scintillator
The proposed hysteresis reduction as discussed in Chap. 3, using an optimum wavelength and irradiation fluence, is paired with a reduction of lag. In comparison with
published results on co-doping with Sm or Eu, wherein sensitivity losses up to 30 %
are encountered, our method increases the sensitivity. It is worthwhile to further investigate the application of CsI:Tl for high-speed low-contrast 3D imaging in a wide
sense. We foresee that CT may benefit from the effect of afterglow reduction and hysteresis reduction by fine tuning the irradiation wavelength towards 364 nm, which has
been shown to be optimal in our experiments.
B. IQ optimization
First, an interesting FOM based on Information theory could be applied by using
Shannon’s expression for information capacity. By making the noise signal independent of the background signal, the conditions as originally defined by Shannon, will be
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satisfied. A Pareto analysis with boundary searching in a trade-space (trade-off, playspace) using an exploration for multiple variables, leads to a trade-off of a cost factor
like PD versus IQ performance. Such a trade-off is very similar to the rate-distortion
balancing that Shannon employs in his digital communication models. This has been
elaborated in Chap. {chapter:IQfundamentals. Second, the IQ modeling as already
implemented in system design and application (see Chap. {chapter:Nitinol), can be
reused in general in other cardio-vascular system optimizations. The benefit when doing so is that it offers a first-time-right approach on realizing a high-level IQ for new
imaging protocols. Third, as we have constructed a model that can reliably predict
the IQ performance of a 2D or 3D X-ray system including (patient) dose, where we
have found that the vibration influences on IQ can be negligible, this allows for a new
design freedom aiming at a more cost-effective mechanical system. For example, a
less rigid system can be designed that offers a similar performance, but with lower
material cost.
C. Dynamic dose control
The proposed type of dose control has proven its merits for X-ray, but an interesting
application could emerge in exposure control for camera systems that suffer from contre jour effects. In such cases, the influence of highlights is similarly influencing the
IQ and we expect that our new control signal averaging will lead to better visibility of
details in the region of interest.
At the end of this thesis, the author cannot withstand the attraction of making a
few generic statements on the design of imaging systems. It is evident and clearly
substantiated in this thesis, that IQ optimization starts with careful optimization of the
acquisition process. This involves the joint optimization of signal acquisition conditions including modeling of deterioration aspects such as noise and vibrations, and a
sensing process involving an accurate mapping of the signal space onto the detector,
prior to image processing. Only afterwards this optimization, the image processing
for enhancement starts. However, this enhancement processing can now be tailored to
specific aspects, such as dose reduction. With the emerging of 3D imaging, we have
found that this optimization for dose reduction is difficult at this stage, since the noise
texture in 3D signals is essentially different from 2D signals. The author with his
experience would be happy to guide a new young researcher into the world of multidimensional signal acquisition optimization, that would be the inevitable first step of
3D system optimization.
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