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INTRODUCTION

The word perfusion describes, in general, the passage of a fluid through natural
channels in a tissue. In the most cases, this general meaning is narrowed to
blood, and perfusion is understood as circulation of blood through tissues. The
topic of this habilitation thesis, perfusion imaging, relates to methods providing
parameters describing perfusion. Examples of such perfusion parameters are blood
flow, blood volume, vessel-wall permeability expressed per unit mass or unit volume
of tissue. These parameters describe the physiological state of the tissue on the
microvascular level. They are important biomarkers in many clinical and biological
applications. Perfusion imaging is important especially in oncology, where it
provides a noninvasive way to early identification of tumor types. Furthermore,
it provides an early-stage insight into the efficacy of tumor treatment since the
reaction to tumor treatment is much faster on the microvascular level expressed
by perfusion parameters (days to weeks) than on the macroscopic level expressed
by standard anatomical images (months). That means that perfusion imaging can
give a substantially earlier evaluation of the treatment process than the standard
criteria based on measurements of tumor volume from anatomical images. Hence,
such early evaluation of the treatment response is a key to qualified decisions on
the treatment strategy, which can ultimately prolong or safe lives and substantially
decrease health-care costs.

Perfusion imaging is a valuable tool also in preclinical research, especially in
testing of new treatment strategies on animals (e.g. antiangiogenic treatment in
oncology) and drug-delivery paths (e.g. drug delivery through the blood brain
barrier in neurology).

However, in many applications, current perfusion imaging methods are not suffi-
ciently reliable for routine clinical use, where they remain mostly at the experimental
level, although their principles have been known for several decades.

The topic of perfusion imaging is a unique multidisciplinary field. It combines the
physics of the image acquisition processes, knowledge of physiology and mathematics
needed for understanding and modeling of the perfusion process, as well as the field
of signal and image processing needed for image reconstruction and image pre- and
post-processing. An important part of pharmacokinetic-model fitting in perfusion
imaging is also understanding of approaches to inverse problem solving. Furthermore,
identification of relevant applications for perfusion imaging and management of
the examined subjects (patients, animals), as well as interpretation of the results
often requires medical, veterinarian or biological expertise. This multidisciplinary

character of perfusion imaging is one of the reasons of the author’s enthusiasm



for this field. The combination of the above mentioned disciplines overlaps very
well with the curriculum taught at the Department of Biomedical Engineering at
Brno University of Technology. The author has introduced perfusion imaging, to a
smaller or larger extent, into several courses, including Biological system modeling,
Models in Biology and Epidemiology, Systems Biology, Traditional Medical and
Ecological Imaging Systems and Imaging Systems with Nonionizing Radiation.

The research and teaching activity of the author in the field of perfusion imaging
started in 2004 as a natural continuation of the cooperation with prof. Torfinn Taxt
at University of Bergen, Norway, and his colleagues. The know-how in this field was
gradually gained form the Norwegian partners and extended further, mainly in frame
of research projects including colleagues from the Institute of Scientific Instruments
of the Czech Academy of Sciences, Department of Biomedical Engineering at Brno
University of Technology, the author’s bachelor, master and doctoral students, as
well as colleagues from the cooperating institutes.

The thesis is written as a collection of selected journal papers with an introduc-
tion. The introduction is meant as an explanation of the perfusion imaging field,
starting with a general description, which is gradually narrowed down to ultrasound
and magnetic-resonance (MR) perfusion imaging and their specifics. Furthermore,
the focus is put on the specific topics where the author sees the main contribution

of his group.



1 THEORY OF PERFUSION IMAGING

Most perfusion imaging methods, including the class of methods related to the focus
of the author’s group, are based on intravenous administration of a contrast agent
and imaging of the tissue of interest before, during and after the administration. The
recorded image sequence is subsequently processed. Contrast agents are sometimes
referred to as indicators or tracers. The word indicator refers to a substance
introduced into a physiological system that can be detected and give information
about the system. A tracer is a type of indicator that has the same chemical
structure as a systemic substance of interest [1].

For these techniques, the process of perfusion imaging can be divided into the
following parts (Fig. 1):

o Data acquisition — acquisition of raw image data upon contrast-agent admin-
istration.

o Image-sequence reconstruction — reconstruction of an image sequence from
the acquired raw image data.

o Preprocessing — e.g. motion correction due to cardiac and/or respiration,
noise suppression.

o Conversion from image intensity to contrast-agent concentration.

o Extraction of contrast-agent concentration curves from the converted image
sequence — for each voxel of interest or for each region of interest (ROI); in the
following text, the term ROI will be used, without a loss of generality, for the
case of single voxels or a set of voxels belonging to a presumably homogeneous
tissue.

¢ Pharmacokinetic-model fitting — In quantitative perfusion-imaging methods,
a pharmacokinetic model is then fitted to these contrast-agent concentration
curves. The estimated parameters of the model and their combinations are
the sought perfusion parameters of the given ROI (see Tab. 1.1 below for a
list of perfusion parameters).

o Visualization, interpretation — e.g. perfusion-parameter maps overlaid over
an anatomical image; followed by interpretation of the results, possibly classi-

fication.
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Quantity Description Unit
F, Plasma flow ml/min/ml
F, Blood flow ml/min/ml
Permeability-surface area product (measure of vessel-wall .
PS , o ml/min/ml
"leakiness” for the contrast agent)
Up Plasma volume ml/ml
Uy Blood volume ml/ml
Ve Volume of the extravascular extracellular space (EES)  ml/ml
g Extraction fraction (fraction of contrast-agent particles
that are extracted into the interstitium)
Capillary mean transit time (average time needed for
T, a contrast-agent particle to pass through the perfusion min
unit)
. Volume transfer constant (compound parameter: .
[trans irams 1/min
K rans EFp)
i Interstitium-to-plasma rate constant (compound param- 1 /mi
; min
v eter: ke, = EF,/v,)
Parameters describing the the statistical distribution of
o, a the capillary transit times (used in DCATH and GCTT min, -
models, o, a capture the structure of the microvessels)
Bolus arrival time (delay between the global AIF and .
BAT min

the local perfusion-unit-specific local AIF)

Tab. 1.1: Overview of the most usual perfusion parameters.
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To narrow down the scope of this text, it is important to mention also perfusion-
analysis methods that are not in focus of our work and will not be considered
in the following sections. In one group of these methods, only so called semi-
quantitative parameters of the contrast-agent concentration curves are estimated,
without proper pharmacokinetic modeling of their course. Such semi-quantitative
perfusion parameters are for example slope of the initial rising phase of the contrast-
agent inflow or the area under the curve within some time window. Several semi-
quantitative approaches to perfusion imaging are based on models of contrast-agent
concentration curves that are fitted to the measured data. Some of these models
might be denoted as pharmacokinetic models as they describe mathematically the
physiology of the vascular system. For example the gamma-variate model [2, 3]
is related to a series of compartments! that represent neighboring sections of the
vascular system. Other such pharmacokinetic models are for example the lagged-
normal [4, 3], the Local Density Random Walk (LDRW) and the First Passage Time
(FPT) models [5, 3]. Use of these models is typical for perfusion imaging using
ultrasonography. The problem of this approach is that they describe the shape of
the contrast-agent bolus and the whole vascular system from the location of bolus
administration to the tissue ROI. This means that the estimated parameters of these
models depend not only on the tissue ROI but also on the bolus-administration
procedure and on the physiology of the arterial tree proximal to the tissue ROL.
This makes these methods hardly reproducible and comparable among different
imaging centers.

An even more simplistic approach, falling also into the field of perfusion imaging,
includes only the acquisition part. The acquired image sequence is then visually
(subjectively) assessed without any modeling or estimation of semi-quantitative
parameters.

Both the semi-quantitative and visual approaches are not in the focus of our
work as they depend on the used contrast agent, its administration, the imaging
device itself, the acquisition setup and the operator (in the latter case). The trend in
modern medical imaging is to use an imaging device not as a "snapshot camera”, but
rather as a measuring apparatus that can measure selected biomarkers, in physical
units, independently of the acquisition details and vendors of the used devices. Use
of such user- and vendor-independent quantitative imaging methods minimizes the
subjectivity of radiographer’s decision and allows for multicentric studies. Thus,
only the quantitative approaches (based on pharmacokinetic modeling allowing

separation of the administered bolus shape and the properties of the proximal

'In pharmacokinetics, a compartment is an idealized well-mixed volume with homogeneous

concentration of the observed substance.
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arterial tree from the perfusion properties of the tissue ROI) have been in focus of
our work, hence the name quantitative in the title of the thesis. Thus, the following
text deals only with the quantitative perfusion imaging methods.

A plethora of perfusion imaging approaches exist. They vary based on

o the contrast-agent administration method (e.g. bolus, dual-bolus, infusion),

o imaging modality (e.g. positron emission tomography, computed tomography,
MR imaging), the selected acquisition method and its setup,

« method for conversion from image intensity to contrast-agent concentration,

o pharmacokinetic model,

e approach to model fitting,

« other specifics related to the application, e.g. acquisition synchronized with
cardiac and sometimes respiration activity, together with the subsequent
image registration is needed for cardiac applications.

Perfusion imaging methods should not be confused with flow velocity imaging
where blood velocity and flow is measured in big vessels using e.g. Doppler ultra-
sonography or MR velocity imaging techniques. In perfusion imaging, perfusion
parameters are measured on the microvascular level the extents of which are far
lower than the spatial resolution achievable with standard medical imaging modali-
ties. The perfusion parameters refer to average quantities within the ROI (e.g. a

voxel), for example average blood volume within the ROL

1.1 Short history overview

Measuring of perfusion started in nuclear medicine in early 1960s as a preclinical
(i.e. applicable to laboratory animals) measurement method. It was based on
administration of radioactive microspheres (preferably by a catheter as a bolus
into left atrium or left ventricle). After the first passage through the vasculature,
the microspheres remained trapped in the arterioles or capillaries. Subsequently,
the animals were sacrificed and tissue samples harvested. Then, the number of
microspheres was measured using scintigraphy. [6, 7]

The first application of radiolabeled microspheres in man for assessment of
perfusion was done in 1964 by Wagner et al. [8] where albumin-based microspheres
were used for assessment of pulmonary blood flow. The radioactivity was originally
detected by rectilinear scanners (a radiation detector physically moved over the
surface of the patient), later replaced by gamma cameras in late 1960s.

From 1990s, use of radiolabeled microspheres in preclinical quantification of

perfusion was partly substituted by use of fluorescent microspheres [9].
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Perfusion imaging based on radiolabeled substances developed further. Planar
imaging was replaced by tomographic imaging, namely by single-photon emission
computed tomography (SPECT) and later by positron emission tomography (PET).
For routine clinical practice, SPECT was introduced in the late 1980s [10]. PET
imaging is a more expensive and technologically more complex imaging modality
with shorter-lived and less easily obtainable radioisotopes than in SPECT imaging.
PET has been considered to be a research tool for a long time. Compared to
SPECT, PET provides higher spatial resolution and allows for smaller radioactive
doses [11]. The most SPECT and PET perfusion imaging methods rely on static
cumulative (uptake) images acquired after the radiotracer has accumulated in the
tissue. In contrast to radiolabeled microspheres mentioned above, the SPECT/PET
radiotracers do not accumulate intravascularly but extravasate and take part in
metabolic changes in the cells [11].

Later, absolute quantification of blood flow has been pursued, especially using
PET with the H®O tracer. This approach is based on dynamic imaging acquired
before, during and after administration of the tracer and application of pharmacoki-
netic models to the acquired image sequences in the postprocessing step [12]. The
pharmacokinetics-based Hy°0O PET perfusion imaging has become gold standard in
myocardial perfusion imaging [10, 11]. These pharmacokinetics-based techniques

are closely related to the focus of the author’s research group.

Computed Tomography (CT) perfusion imaging is based on intravenous admin-
istration of an iodinated contrast agent and dynamic CT scanning, followed by
pharmacokinetic modeling of the acquired image sequences, similarly to H3°O PET
perfusion imaging mentioned above. The basics of CT perfusion imaging were laid
down in 1979 [13] and 1980 [14] (before H3°0 PET perfusion imaging). However

clinical application, mainly in acute-stroke and tumor patients, came much later.

Perfusion imaging in magnetic resonance is a term referring to several groups of
methods. The first group is based on administration of an exogenous contrast agent,
similarly to CT and PET/SPECT mentioned above. The most MR contrast agents
are chelates of gadolinium. Their concentration is related to shortening of 77, T3 and
T relaxation times. Depending on the measured relaxation time, the contrast-agent
based methods are further categorized into Dynamic Contrast-Enhanced (DCE)
Magnetic Resonance Imaging (MRI) (based on Ti-weighted image sequences) and
Dynamic Susceptibility Contrast-enhanced (DSC) MRI (based on Ty~ or Ty-weighted
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image sequences).

The basics of DSC-MRI date back to late 1980th when Villringer at al. [15] used
a gadolinium-based contrast agent on rats (in brain) and showed contrast-agent
curves related to concentration and suggested their use for perfusion imaging. DSC-
MRI on human became reality in the 1990th [16, 17, 18]. The main application of
DSC-MRI has been stroke imaging where it provides, in combination with diffusion-
weighted MRI, identification of the so called penumbra — the potentially salvageable
brain tissue.

DCE-MRI started in early 90th, with applications in cardiology [19] (myocardium
perfusion of an isolated rat’s heart and of healthy human subjects in vivo), neurology
[20, 21, 22] (assessment of blood-brain-barrier permeability in multiple-sclerosis and
brain-tumor patients). The main domain of DCE-MRI has been tumor imaging.

Another group of MR-perfusion-imaging methods does not require application of
any exogenous contrast agent. These methods rely on an endogenous contrast agent
being blood. In this case, blood is labeled "magnetically” by the MR scanner’s
coil system, i.e. by a defined modification of the magnetic moment of the blood
flowing to the regions of interest. These so called Arterial Spin Labeling (ASL)
methods are known since 1992 [23] and have become very popular, partly also in
the clinics in the recent decade. Another MR perfusion imaging method with no
need for an exogenous contrast agent is the Intravoxel Incoherent Motion (IVIM)
technique, known from 1986 [24]. It is related to diffusion MRI as blood flow mimics
a water-molecule diffusion process. The ASL and IVIM techniques are out of the
scope of this text.

Ultrasound perfusion imaging (Dynamic Contrast-Enhanced Ultrasonography —
DCE-US) is also based on administration of an exogenous contrast agent. Ultrasound
contrast agents are gas-filled microbubbles of the size of several micrometers. The
contrast mechanisms have been known from 1968 [25]. Ultrasound contrast agents
were commercially available since 1991 (Echovist, Bayer Shering Pharma AG).
Nonlinear properties of microbubbles are used in various contrast imaging modes
of ultrasonographs. The main domain of contrast agent use in ultrasonography
is cardiology where it has been used for better delineation of the heart cavities.
There are two main approaches in ultrasound perfusion imaging: bolus tracking
and burst-replenishment.

Bolus-tracking methods are similar to the above mentioned H3°0 PET, CT and
DCE/DSC-MRI perfusion imaging methods based on administration of a contrast-

agent bolus. Bolus-tracking ultrasound perfusion imaging has been first used in
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2000 for assessment of myocardial perfusion [26] and in brain perfusion [27].
Burst-replenishment methods assume continuous infusion of a contrast agent
with intermittent applications of high-energy ultrasound pulses which destroy the
microbubbles in the imaging plain. The following replenishment of the contrast
agent is imaged and analyzed. Burst-replenishment ultrasound perfusion imaging

has been first reported in 1998 for myocardial perfusion [28].

1.2 Basic pharmacokinetic models

In this section, pharmacokinetic modeling as the core of perfusion imaging will
be shortly described. In pharmacokinetic modeling, a tissue ROI is treated as a
perfusion unit with an arterial input, venous output and the microvascular segment
in between (Fig. 1.2). Only tissue ROIs with small vessel size are assumed so
that the vessels can be viewed as a statistical set of randomly organized structures
[29]. This limits the vessel size to the maximum diameter of several hundreds pm,

2

corresponding to small arteries, arterioles, capillaries ?, venules and small veins [30].

Tissue ROI: Iptravascular space

Venous
output

Extravascular
extracellular space

Fig. 1.2: Schematic of a perfusion unit assumed by pharmacokinetic models.

The ROI consists of the intravascular and the extravascular extracellular space
(EES)? and the intracellular space. As this text is focused on ultrasonography- and
MRI-based perfusion imaging, only the contrast agents used with these modalities
will be considered further on. Ultrasound contrast agents remain only in the
intravascular space, due to their large size on the order of micrometers, and do not
diffuse through the vessel wall. Hence the term non-diffusible contrast agents. Thus,

only the intravascular space needs to be modeled in this case.

2 A specific case is DSC-MRI based on Ty-weighted acquisition which is sensitive predominantly
to the signal from capillaries but not from larger vessels; this property is related to the nature of
the acquisition process.

3This term is used in literature on perfusion imaging, although it is not accurate, as it could also
include other volumes which are not captured by the pharmacokinetic models, such as lymphatic

vessels, brain ventricles, etc. — the term interstitial space would be more appropriate.

15



On the other hand, MR contrast agents are much smaller and extravasate to
the EES. Thus, MR contrast agents are referred to as diffusible contrast agents. It
is also a known fact that MR contrast agents do not diffuse further into the cells.
Hence, in MR perfusion imaging the intravascular space and the EES are modeled.
An exception is brain imaging with intact blood brain barrier, which makes the
vessel wall impermeable also for MR contrast agents. This is mostly the case of
DSC-MRI in stroke.

A perfusion unit, described using a pharmacokinetic model, is assumed to be a
linear stationary system [31]. An ”input signal” of the modeled perfusion unit is
the so called Arterial Input Function (AIF). It is the arterial input in Fig. 1.2, i.e.
the time course of the contrast-agent concentration in the arterial input of the ROIL
As the intravascular distribution volume, accessible to the contrast agent, is blood
plasma, AIF is usually expressed as the contrast-agent concentration in plasma,
¢(t). In the most perfusion imaging techniques, the AIF is assumed to be known,
either from literature (population-based models) or from a measurement in some
large artery (see below).

A straightforward interpretation of Fig. 1.2 assigns the output of the perfusion
unit to the time course of the contrast-agent concentration in the venous output,
¢, (t). However, this signal is not accessible for measurement (as the size of these
single draining vessels is far below the achievable spatial resolution). However, it
is instructive to stay at this formulation of the system’s output. In this case, the
output is given as

co(t) = Fylcp x h)(t). (1.1)
The scaling constant F), is flow of blood plasma (defined as plasma flow per unit
tissue volume), see Tab. 1.1 for overview of perfusion parameters. The symbol * is
time-domain convolution, The function A(t) is the so called transport function. In the
theory of systems, h(t) is the perfusion-unit’s impulse response function. Another
interpretation of h(t) is the probability distribution of contrast-agent-particle transit
times. The expectation of h(t) is the mean transit time of contrast-agent particles
through the perfusion unit. The function h(t) acts as a propagator through the
perfusion unit. [31]

In perfusion imaging, the measured signal, i.e. the "output signal” of the
perfusion unit, is the time course of the contrast-agent concentration within the
tissue ROI, ¢;(¢), not in its venous output ¢,(¢). Hence, the impulse response of
the perfusion unit is referred to as Impulse Residue Function (IRF), R(t) [31],
sometimes also called impulse response function. It is interpreted as the probability
that the contrast-agent particle is present in the perfusion unit at time t following

an instantaneous bolus of the contrast agent at the arterial input (Dirac-pulse AIF)

16



at time t = 0. From the definition, it follows that the IRF is a non-increasing

function satistying R(t = 0) = 1. It is related to the transport function as follows:

¢
R(t) =1~ [ h(r)dr. (1.2)
0
The contrast-agent concentration within the tissue unit is then expressed as
c(t) = Fy(c, * R)(). (1.3)

This is the basic pharmacokinetic model used in perfusion-imaging literature. The
pharmacokinetic models differ based on the form of R(t). In the following text,
different formulations of the IRF, R(t), will be reviewed. The perfusion parameters
accessible using the different pharmacokinetic models are summarized in Tab. 1.2.

Model Primary perfusion parameters Derived perfusion parameters
Non-diffusible models

Nonparametric  F,, v, T.
Compartment  F,, v, T.
Plug-flow F,. v, T,

Diffusible models, 1st generation
Tofts Ktrans g, Kep
Extended Tofts K" ., v, Fep
Patlak Ktrans -y, -

Diffusible models, 2nd generation
2CX F,, vy, ve, PS T,, E, K"k,
TH F,, vy, ve, PS T., B, Kr"s ke,
ATH F,, vy, v, PS T., E, K"k,
DP F,, vy, ve, PS T,, E, K"k,
DCATH F,, vy, ve, PS, o T, E, K"k,
GCTT F,, v, ve, PS, « T,, E, K'"s L,

Tab. 1.2: Perfusion parameters estimated using different pharmacokinetic models.
Primary perfusion parameters — one of possible choice of model parametrization
(shows the number of unknown parameters of the given model), derived perfusion
parameters — remaining perfusion parameters that can be derived from the primary

perfusion parameters.

1.2.1 Models for non-diffusible contrast agents

Some perfusion-imaging methods are based on a nonparametric approach, where

a non-parametric IRF is assumed [32]. According to the general pharmacokinetic
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model (Eq. (1.3)), the measured tissue concentration curves, ¢ (t), are deconvolved
with the AIF, ¢,(t), which yields an estimate of F), - R(t). Regularization, such as
Tikhonov regularization or truncated singular value decomposition, is sometimes
used to deal with the ill-posedness of the deconvolution problem [33].

Then, F, is estimated from F), - R(t) as the first sample (because R(t = 0) = 1)
or as its maximum. Plasma volume, v,, (Tab. 1.1) is calculated as the ratio of areas

under the tissue and AIF curves:

" ci(t)dt

R0 Y

v =
The mean transit time, T;, (Tab. 1.1) is derived from F), and v, according to the

central volume principle [34] as
T, = v,/ F,. (1.5)

Compared to non-parametric IRF, use of parametric IRF imposes additional
assumptions about the perfusion unit, which can stabilize estimation of the perfusion
parameters by limiting the set of possible solutions. This is however at the cost of
decreased realism of the pharmacokinetic model because each IRF model brings a
certain degree of simplification. The most broadly used parametric IRF models of
the intravascular space (Tab. 1.3) are the compartment and plug-flow models. A
compartment model describes the intravascular space as a well-mixed volume with
a homogeneous contrast-agent concentration. Such model is suitable for a chaotic
microvascular structure with no prevailing orientation of the vessels, such as the brain
microvasculature for example. The dynamics of the contrast-agent distribution
in a one-compartment perfusion unit can be described by a Ist-order ordinary
differential equation. The solution leads to the convolutional model Eq. (1.3) with
R(t) = exp(—t - F,/vp) [35]. Fitting this model to the measured signal, ¢,(t), yields
estimates of F,, and v, (and T, from the central volume principle).

A plug-flow model describes the microvasculature as a tube or a set of parallel
tubes where all particles move with the same velocity. This relates to erythrocytes
acting as "plugs” because they have a slightly larger size than the lumen of capillaries.
When deformed erythrocytes are passing through the capillaries, they induce the
same velocity of the plasma space between them. A plug-flow model is suitable for
tissues with unidirectionally organized vessels, e.g. some muscle structures. The
IRF of a plug-flow perfusion unit is R(0 <=t <=T,.) = 1 and R(t) = 0 elsewhere
[35].
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Compartment model

o homogeneous contrast-agent concentration

o exponential IRF

Plug-flow model c(t)
o constant speed of contrast-agent particles
e boxcar IRF

Cp(t)

Tab. 1.3: Pharmacokinetic models for non-diffusible contrast agents.

1.2.2 Models for diffusible contrast agents

This section reviews pharmacokinetic models modeling the contrast-agent distri-
bution within both the intravascular space and the EES. For these models, the
approach of a non-parametric IRF has been used rarely [36]. In Egs. (1.4), (1.5),
the distribution volume, v,, of the non-diffusible-contrast-agent case needs to be
replaced by the distribution volume of the diffusible-contrast-agent case being v, +ve.
The mean transit time, T,, in Eq. (1.5) is replaced by the mean transit time of
contrast-agent particles through the whole perfusion unit including the EES.
Parametric IRF models of diffusible contrast agents are of various degrees of
complexity. As for the intravascular space, some models assume this space has
negligible contribution and do not model it, e.g. the Tofts model [21, 37]. In the
extended Tofts or the Patlak models, the intravascular signal is included but the
structure of the intravascular space is not modeled (as it is irrelevant for the assumed
high-flow conditions) [36]. These models are referred to as 1lst-generation models
(Tab. 1.4), dating back to the 1990s, where the quality of acquired MRI data was
not sufficient to extract F,, PS,T, and E. This became possible later, with the
so called 2nd-generation models, such as the 2CX, TH, ATH, DP, DCATH and
GCTT models (see Tab. 1.5 for the full names, schematics and short descriptions).
These models are based on a compartment or plug-flow model of the intravascular
space and on a compartment or distributed-parameter model of the EES. The
advantage of the 2nd-generation models is that they provide a more complete set of
perfusion parameters than the 1st-generation models. For example the perfusion
parameter K" provided by the 1st-generation models is affected by both plasma
flow, F,, and the permeability-surface area product, PS (describing the "leakiness”
of the vessel wall for the contrast agent). Hence, the Ist-generation models do
not allow differentiating the effects of blood flow and permeability. Separating

the flow and permeability properties gives important information about the tissue
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microvasculature state. This is provided by the 2nd-generation models. On the
other hand, the 2nd-generation models are more complex and require better data
quality.

A thorough description of the pharmacokinetic models is beyond the scope of

this introduction. The reader can refer to several reviews on this topic [31, 36, 38].

Cp(t)
Tofts model
o only EES assumed Ct) Krene
« EES modeled as a compartment ‘ I
Ve

Extended Tofts model
o vascular signal considered
o structure of the intravascular space not modeled (high

plasma flow assumed)

Patlak model
 vascular signal considered et c(t)
o structure of the intravascular space not modeled (high
plasma flow assumed)
o backflux from the EES to the vascular space neglected

(uptake model) EES:

Tab. 1.4: First-generation pharmacokinetic models for diffusible contrast agents.
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2-Compartment eXchange (2CX) Model
o intravascular space modeled as a compartment

o EES modeled as a compartment

Tissue-Homogeneity (TH) model
e plug-flow model of the vascular space
o EES modeled as a compartment
o mo analytic time-domain expression of the IRF, R(¢),

only frequency-domain expression available

Adiabatic approximation of the Tissue Homogene-
ity model (ATH)
o plug-flow model of the vascular space
o EES modeled as a compartment
o assumption of much faster intravascular contrast-
agent dynamics compared to the dynamics in the
EES

Distributed-Parameter (DP) model
o plug-flow model of the vascular space
o distributed model of the EES
o contrast-agent exchange only between the correspond-
ing intravascular-space and EES units
 no exchange (diffusion) between the neighboring EES

units assumed

Distributed-Capillary Adiabatic Tissue Homogene-
ity (DCATH) and Gamma Capillary Transit Time
(GCTT) models
¢ as the ATH model but multiple intravascular paths
with different transit times assumed

o additional perfusion parameter describing the statis-

tical distribution of the mean capillary transit times

Tab. 1.5: Second-generation pharmacokinetic models for diffusible contrast agents.
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1.3 Main problems

Perfusion imaging using MRI and ultrasonography have been known since the
1980th / late 1990th. However, in the most clinical applications, current perfusion
imaging methods are not sufficiently reliable for routine clinical use, where they
remain mostly at the experimental level. Due to the vast variability of the available
methods and due to their poor reproducibility among different scanners and scanner
setups, there is a lack of standardization of the perfusion-imaging procedures. The
situation is even worse in preclinical use, with a substantially smaller number of
users, and hence lower business profit and interest of the scanner vendors.

One exception, in MRI, is DSC-MRI in stroke patients. Although the majority
acute stroke examinations are made using CT, DSC-MRI is an officially approved
standardized option, used in advanced medical imaging centers.

The Main reasons for the prevailing experimental character of perfusion imaging
with MR and ultrasonography can be summarized as follows.

o There is still a dominating tendency to use simplistic semi-quantitative meth-
ods where the estimated perfusion parameters depend on the contrast-agent
administration, on the properties of the proximal arterial system of the patient
and on the scanner and its setup.

This clearly leads to the need for fully quantitative perfusion imaging methods.
These methods model the shape of the contrast-agent bolus entering the
analyzed tissue ROI (perfusion unit), i.e. the AIF, which captures the influence
of the contrast-agent administration process and the influence of the arterial
tree proximal to the tissue ROI. This means that the convolutional model
(Eq. (1.3)) needs to be the model of choice in quantitative perfusion imaging.

o Related to the previous point is the need for accurate estimation of the AIF.
The AIF is commonly considered equal for all voxels of the examined tissue
(global AIF). In most studies, it is measured (extracted from the acquired
image sequence) in a big artery or taken as a parametric population-based AIF
from literature. In MRI, the measured AIF is distorted by flow artifacts, partial
volume effects, saturation, 74 effects and dispersion of the contrast-agent bolus
between the AIF measurement location and the examined tissue. In DCE-US,
deriving the AIF from an arterial ROI in the measured image sequence is an
even more problematic task than in MRI, mainly due to attenuation of the
contrast agent (dependent on the contrast-agent concentration, i.e. changing
throughout the acquisition time). In addition, similar problems as in DCE-
MRI arise: motion artifacts, low spatial resolution, blood-velocity dependence

of the backscattered signal and dispersion of the contrast-agent bolus.
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On the other hand, use of a population-based AIF, as another possibility to
determine the AIF, ignores the differences in the vascular tree between different
individuals and depends on the acquisition protocol and the contrast-agent-
administration procedure used when these "standard” AIFs were established.
In DCE-MRI, still mostly 1st-generation pharmacokinetic models are used.
As mentioned above, they provide ambiguous information concerning the
common parameters K" and k., which mix together the effects of plasma
flow and vessel wall permeability without a chance to distinguish between
them. Furthermore, these models are too simplistic for many tissue types and
lead to biased perfusion-parameter estimates.

A solution is to use more complex, 2nd-generation, models. However this leads
to higher demands on the temporal resolution and signal-to-noise ratio (SNR),
often ill-conditioned model fitting and higher sensitivity to the accuracy and

precision of the AIF. Hence these models are still not much used.
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2 CONTRIBUTION OF THE AUTHOR’S TEAM

The general aim of our group concerning both ultrasound and MRI perfusion imaging
was and is to contribute to reliable quantitative perfusion analysis that gives accurate
perfusion parameters independent of the contrast-agent-administration procedure,
image-data acquisition methods and their setup, and the subject-specific properties
of the arterial tree proximal to the ROI. Achieving this helps to bring ultrasound
and MRI perfusion imaging closer to routine clinical practice and improve the
diagnostics in many clinical and preclinical applications.

In the following text, our contribution is described more specifically, split into
items. In most cases, an item corresponds to 1 or 2 journal paper(s) (co)authored
by our group, possibly accompanied by our related conference contributions. The

main journal papers, constitute attachments of the habilitation thesis.

2.1 Ultrasound perfusion imaging

The author believes that his group has contributed to introduction of quantitative
perfusion imaging into DCE-US to replace the semi-quantitative methods. As
pointed out earlier, the majority of DCE-US was done in a semi-quantitative
manner.

The burst-replenishment DCE-US method is a semi-quantitative approach by
nature, unless the parameters of the replenishment-curve model are scaled with
respect to the arterial signal (as an analogy to the AIF in the bolus-tracking
methods). To the author’s knowledge, at the publication time of our first papers in
DCE-US [39, 40, 41] (2010-2013), there were only three papers of two groups on
quantitative burst-replenishment DCE-US (with normalization with respect to the
arterial signal) [42, 43, 44], all applied to cardiac perfusion imaging.

A similar situation was present in bolus-tracking DCE-US. To the author’s
knowledge, at the publication time of our first papers in DCE-US there were two
papers of one group [45, 46] using the convolution model Eq. (1.3) for estimation
of the mean transit time, T, and slightly later, in 2012, another group published
a convolution-based approach where all three available perfusion parameters were
estimated (T, Fy, v,) [47, 48].

The main contribution of our group in the field of DCE-US can be summarized
as follows.

e We have introduced deconvolution-based perfusion imaging to bolus-tracking

DCE-US and validated the methodology on a flow phantom [39, 49] and on
pig’s heart [50].
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o We have newly formulated the standard burst-replenishment DCE-US method,
using the convolutional formalism (i.e. using the convolution model Eq. (1.3)).
This made it possible to combine the burst-replenishment approach with
deconvolution-based bolus-tracking. In this combined approach, we called
Bolus € Burst, the contrast agent is administered as a bolus and image
data recorded as in the bolus-tracking method, but in addition, during the
same image-recording session a high-energy burst is applied in the later slow-
dynamics phase. Simultaneous processing of the bolus and replenishment
signals leads to more robust perfusion analysis than processing of the bolus
or replenishment signals alone. Having the bolus and replenishment signals
interconnected through the convolutional model represents sufficient informa-
tion to estimate the AIF together with the IRF (parametrized by the sought
perfusion parameters 7., F}, vp). This approach is called blind deconvolution —
"blind” because both components of the convolution (Eq. (1.3)) are unknown.
This approach avoids the problems connected to measuring the AIF or using
population-based AIFs (see above). The author considers the Bolus & Burst
method as the core of our contribution in DCE-US. We have published the
methodology paper as [40] (Paper I of this habilitation thesis).

e We have extended our original Bolus & Burst method with a more accurate
model [51]. In [41] (Paper II of this habilitation thesis), we have validated this
extended Bolus & Burst method on clinical data from Crohn’s disease patients
where we have shown that it could be used as a treatment-stratification
method for patients with Crohn’s disease, particularly to distinguish between
inflammatory and fibrous wall thickening of the gastrointestinal tract.

e The Bolus & Burst method was further tested on patients with exocrine
pancreatic failure [52]. Interobserver agreement for repeated recordings using
the same ultrasound scanner and agreement between results on two different
scanner systems were evaluated.

o Another successful validation study of the Bolus & Burst method was done
on patients with insufficiency of pancreas related to cystic fibrosis and on
healthy volunteers [53].

e The Bolus & Burst processing chain was further extended by automatic
compensation of motion using translational and non-rigid image registration
with a temporal continuity assumption [54].

o We have further developed the Bolus é Burst method by implementing new
ATF models suitable for DCE-US of small animals [55, 56] and illustrated the
method on tumor-bearing mice and compared the results with DCE-MRI [57],

all presented so far as conference proceedings papers.
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2.2 MR perfusion imaging

In MR, convolution-based quantitative perfusion imaging has been more common
than in ultrasonography. The main focus of our group has been DCE-MRI. Here,
the most widely used pharmacokinetic models are the 1st-generation models, such
as the Tofts and extended Tofts models. Our contribution was towards reliable
DCE-MRI based on 2nd-generation models.

Our main effort was focused on accurate estimation of the AIF, which avoids
the problems connected to measured or population-based AIFs. The main approach,
similarly to our DCE-US work, was blind deconvolution, where both the IRF
and AIF are estimated from the measured tissue concentration curves. Blind-
deconvolution estimation of the AIF was proposed by the group of Edward DiBella
(Univ. of Utah, USA) [58, 59, 60], with applications in DCE-MRI using 1st-
generation pharmacokinetic models. At approximately the same time, the group
of Torfinn Taxt (Univ. of Bergen, Norway) introduced blind-deconvolution AIF
estimation into DSC-MRI [61, 62, 63]. Having a close cooperation with Torfinn Taxt
and his group (and later partly with DiBella’s group), we have built on this work.
Together with Torfinn Taxt and his colleagues, we have applied blind-deconvolution
ATF estimation to DCE-MRI using 2nd-generation pharmacokinetic models. Use
of 2nd-generation models is more sensitive to the accuracy of AIF estimation and
presents a more difficult problem than use of the 1st-generation models.

The main contribution of our group in DCE-MRI can be summarized as follows.

Estimation of the AIF using blind deconvolution:

¢« We have proposed blind-deconvolution AIF estimation method with 2nd-
generation pharmacokinetic models and a nonparametric AIF [64, 65] and
validated them on DCE-MRI recordings from mice with induced muscle
inflammation.

o DCE-MRI data processing and analysis based on blind deconvolution from
the previous point was the core of our part in two major preclinical stud-
ies on tumor-bearing rats and the effects of antiangiogenic treatment with
bevacizumab [66, 67]. The experimental setup and analysis methods, includ-
ing our perfusion-imaging methodology, have revealed new insights into the
physiological background of the treatment processes.

e We have further extended the above mentioned blind-deconvolution AIF
estimation to use a semi-parametric AIF (initial rapidly changing part of the
AIF was left nonparametric, while the "tail” was mathematically modeled),
leading to more accurate AIF estimates [68]. The method was validated on

recordings from mice with induced muscle inflammation.
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¢ We have also contributed to blind-deconvolution AIF estimation with fully
parametric AIF models to further constrain the AIF estimation process (used
in connection with 2nd-generation pharmacokinetic models). In [69] (Paper
IIT of this habilitation thesis), we have proposed such method for clinical
DCE-MRI and validated it on renal-cell-carcinoma patients. In [70] (Paper
IV of this habilitation thesis), we have proposed such method with an AIF
model tailored to small-animal DCE-MRI and validated it within a study on
tumor-bearing mice.

o the above mentioned blind deconvolution method with semi-parametric AITF
was applied on a longitudinal preclinical study where the time development
of bevacizumab’s effects was studied at several time points during the treat-
ment [71] (Paper V of this habilitation thesis). With our perfusion-imaging
methodology we have contributed to gain new insights into the dynamics of
the treatment effect.

Other topics:

o We have proposed a new estimation scheme for an advanced 2nd-generation
model (DCATH) with a continuous formulation of all perfusion parameters,
including the bolus arrival time, thanks to its estimation in the frequency
domain [72]. This allows us to use standard gradient-based optimization
algorithms in pharmacokinetic-model fitting of the tissue concentration time
sequences. In addition to perfusion parameters, we have estimated also their
confidential intervals. We have newly proposed a method for estimation of the
confidential intervals of the perfusion parameters derived from the primary
ones parametrizing the IRF.

¢ To increase the robustness of DCE-MRI with 2nd-generation models, we have
incorporated spatial regularization into pharmacokinetic-model fitting. Hence,
the model-fitting process was not done separately for each voxel, as usual,
but simultaneously for all voxels with induced similarity of the neighboring
voxels, based on the (edge-preserving) total variation (TV) regularization [73],
(Paper VI of this habilitation thesis).
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3 CONCLUSIONS

Our main contribution to ultrasound and MRI perfusion imaging was in fully
quantitative perfusion analysis, as a means of reliable measurement of perfusion
biomarkers, reproducible across different imaging scanners and differences in their
acquisition setup (and independent of patient-specific arterial-tree properties). We
have been pursuing the idea of treating ultrasonography and MRI not only as an
imaging tool but rather as measuring devices.

In this respect, our main contribution in DCE-US was introducing a novel
method, Bolus € Burst, which combines the bolus tracking and burst-replenishment
methods, both formulated using convolution-based pharmacokinetic models. The
perfusion-analysis process is performed using blind deconvolution which avoids the
need for measurement of the AIF. This makes Bolus ¢ Burst robust with respect
to estimation errors due to AIF-measurement artifacts.

In DCE-MRI, we have followed the same idea of avoiding the need to measure
the AIF by the use of blind-deconvolution, with a special focus on the use of
2nd-generation pharmacokinetic models, where the requirements on the accuracy
and precision of AIF estimates are higher than for the more commonly used 1st-
generation pharmacokinetic models. We have also contributed to improved reliability
of perfusion analysis using 2nd-generation pharmacokinetic models by proposing a
proper continuous formulation of the pharmacokinetic model and by introducing
edge-preserving spatial regularization into the perfusion analysis.

The topic of perfusion analysis has been the core of several successfully defended
bachelor, diploma and Ph.D. theses led by the author and several related theses
led by his colleagues. The topic of perfusion imaging has been also introduced into
several courses at Brno University of Technology, Dept. of Biomedical Engineering.

Our work in the field of quantitative perfusion analysis brought us in closer
contact with broader national and international scientific community, often thanks
to our long-term cooperation with Torfinn Taxt from University of Bergen, Norway.
Our cooperation with the Institute of Medicine, University of Bergen, Norway and
the National Centre of Ultrasound in Gastroenterology at Haukeland University
Hospital, Bergen, Norway (Odd Helge Gilja, Kim Nylund, Trond Engjom) has
been very fruitful in sense of validation of our DCE-US Bolus & Burst method on
actual clinical applications. Our cooperation with the Department of Biomedicine,
University of Bergen, Bergen, Norway (Rolf Bjerkvig, Eskil Eskilsso, Nina Obad)
and the Luxembourg Institute of Health (Olivier Keunen) has helped us to apply
our MR perfusion-analysis methods to actual problems in search for antiangiogenic

cancer treatment. Finally, we have also started active cooperation with the group of
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Edward DiBella, University of Utah, USA, in the field of DCE-MRI of myocardium
[74]. This field represents a challenge due to complicated acquisition connected to
cardiac and respiratory motion and it is one of our future orientations.

The increasing number of interested users of our perfusion-imaging methods has
brought us to development of an online tool for perfusion analysis, called PerfLab
http://perflab.cerit-sc.cz/, currently implemented as a prototype version. It
is designed as a web-based database of studies, datasets and batches of perfusion
analyses, providing a step-by-step perfusion analysis of DCE-US and DCE-MRI data.
The web-based graphical user interface guides the user in entering the processing
parameters, drawing ROIs, plotting of their concentration curves, browsing through
the image sequences in each processing step and previewing of the resulting perfusion
maps. The web-based character of PerfLab avoids the need for installation of any
software, except for the web browser. For clinical users, the data can be imported
through the service ReDiMed (https://www.medimed.cz/en/redimed) directly
from the radiology workstation. Import of the DCE-US/DCE-MRI data is available
for several clinical and preclinical scanners. PerfLab has been partly tested by
our colleagues at the University of Bergen, Luxembourg Institute of Health and
Stanford University. Our further development of this online software tool is directed
towards thorough evaluation on clinical and preclinical data, dissemination and
possibly future research and/or commercial use.

The current research focus of our group extends the above described work in
several directions. First, we have implemented modern compressed-sensing DCE-
MRI acquisition schemes based on sparse data sampling and spatially regularized
image-sequence reconstruction to overcome the limits of standard MRI acquisition
given by the Nyquist theorem [75, 76]. This approach provides increased spatial
and/or temporal resolution or improved spatial coverage of the organ of interest.
The spatial-regularization term can also be learned using modern deep-learning
approaches, to provide even higher efficiency of the acquisition/reconstruction
process which is a further natural extension of the compressed-sensing techniques.

On the level of applications (of DCE-MRI), the above described perfusion-
analysis methodology becomes more challenging when applied in cardiology and
stroke imaging, where we intend to extend our know-how and hopefully contribute
to the current state of the art. In cardiology, the main challenge is to synchronize
the data acquisition process with the cardiac and respiratory motion while acquiring
enough data for reliable image reconstruction and subsequent perfusion analysis. In
stroke imaging, the main challenge is the low SNR of DCE-MRI data due to the
blood brain barrier (preventing the contrast agent from extravasation) but allows

quantification of subtle blood-brain-barrier disruption [77, 78].
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Abstract

The habilitation thesis summarizes the contribution of the author’s team to
the field of perfusion imaging in ultrasonography and magnetic resonance imaging.
First, the general concept of these perfusion-imaging approaches is described. Then,
a short history overview of perfusion imaging is given and put in context of other
medical imaging modalities. Subsequently, the used pharmacokinetic models are
described. Finally, the main problems of the field are revised and the approach of
the author’s team to these problems is presented.

Abstrakt

Tato habilita¢ni prace shrnuje prinos autorovy vyzkumné skupiny k oblasti
zobrazovani perfuse pomoci ultrasonografie a magnetické resonance. Nejdrive je
popsan celkovy koncept téchto metod. Potom je kratce shrnut jejich historicky vyvoj
a zasazen do kontextu ostatnich zobrazovacich modalit. Nasledné jsou popsany
pouzivané farmakokinetické modely. Nakonec jsou shrnuty hlavni problémy této

oblasti a je presentovan piistup autorova tymu k jejich reseni.
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