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VOORWOORD
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rigeerd heeft. De bijdragen van de afstudeerders Sebastiaan de Bont, Wouter Homan, en
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Ron Raangs en Anneke van Essen-Rekers, bedanken voor de uitstekende werksfeer in de
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Fokke, Leo, Berend-Jan, en alle andere medewerkers en studenten, bedankt.
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Ik wil bij deze de gehele Biomedical Imaging Resource van de Mayo Clinic bedanken
voor de geweldig leerzame en aangename tijd aldaar. Deze geweldige periode heb ik
daarnaast in hoge mate te danken aan de tomeloze inzet van Christian en Nichole Euse-
mann, Kathy en Bruce Atkinson, en David en Sarah Holmes. Deze zes mensen waren
negen maanden lang mijn ‘familie’, waarvoor ik ze enorm dankbaar ben. Daarnaast ben
ik dank verschuldigd aan ontelbare anderen: Chad, Heidi, Sheila, Ester, Saskia, Monika,
Mike, Lisa, Kathy, Paul, Brian, Andrea, Sara, Stephanie, Shrini, Beth, Reed, Roseann,
Lisa, Greg, Kevin, Josh, Viktor, Kari, Heather, Lukas, Willow, . . . bedankt!

Natuurlijk moet ik ook mijn familie bedanken voor hun steun en vooral begrip tijdens
de onvermijdelijke moeilijkere periodes en mijn langdurige verblijf in de VS. Zonder
iemand anders van mijn familie tekort te willen doen, wil ik met name mijn waardering
uitspreken voor het vele werk dat mijn broer Erwin heeft verzet: door onze vergelijkbare
achtergrond en werkwijze blijkt eens te meer dat samenwerken met jou soms kan leiden
tot verhitte discussies, maar ook tot een bijzonder efficiënte en leerzame symbiose.
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Enschede, november 2002
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NOMENCLATURE

Latin symbols

A Area [mm2]
A0 Cross sectional lumen area of reference vessel [mm2] Eq. 2.4
Ap Area of one image pixel [mm2] Eq. 4.28
Aroi Area of the designated ROI [mm2]
As Minimum cross sectional lumen area of stenosis [mm2] Eq. 2.4
a Set of controlling parameters of the TPS Eq. 7.4
c Speed of light [m/s] Eq. 4.9
c Indicator concentration [mg/ml] Sec. 3.1.1
c Indicator concentration in tissue [mg/g] Sec. 3.1.4
cca Iodine concentration of undiluted contrast agent [mg/ml] Eq. 5.6
cin Concentration of indicator in the inflow [mg/ml] Eq. 3.3
cout Concentration of indicator in the outflow [mg/ml] Eq. 3.3
crecirc Concentration of indicator in the recirculation path

[mg/ml]
Sec. 3.1.3

ct Concentration of indicator in the infusate [mg/ml] Eq. 3.14
D Diffusion coefficient [ml/s] Eq. 3.1
D(t),Droi(t) Iodine density as a function of time [mg]; a Time-density

curve (of the designated ROI)
Eq. 5.1

Dmax Maximum value of the time-density curve D(t) [mg] Eq. 5.7
d Diameter of a vessel, Sec. 6.18
E Photon energy of the X-ray beam [keV] Eq. 4.9
E1, E2 Energy levels in dual-energy DSA [keV] Eq. 4.23
e(θ) Unit vector in the direction θ Sec. 6.3



iv NOMENCLATURE

F Volume flow of a fluid [ml/s]
F(x) Transformation or mapping Sec. 7.3
Ffast Flow through a well perfused region Eq. 5.24
Fslow Flow through an under-perfused region Eq. 5.24
ft Rate of indicator (tracer) infusion [ml/s] Eq. 3.14
G, G(u,v) Grey-level of an image in pixel coordinates (u,v) Sec. 4.2
G(x(n)) Image patch surrounding point x, in image n Sec. 7.4
G0 Assumed pre-contrast image without scattering Eq. 4.31
Gab(x) Spatial derivative of G (a,b equals either u or v) Sec. 6.1
Ĝbg Average intensity of an image area around lead blocker Eq. 4.30
Gblocker Average image intensity in the shadow of a lead blocker Eq. 4.30
Gcorrected X-ray image corrected for scatter and veiling glare Eq. 4.7
Gdsa Digital Subtraction Angiography (DSA) image Eq. 4.20
Gdual Dual-energy subtraction angiography image Eq. 4.23
Ggid Gated Interval Differencing (GID) image Eq. 4.36
Gmask Pre-contrast mask image used in DSA Eq. 4.19
Gtempl Template image Eq. 7.6
gII Attenuation factor of the Image Intensifier [m2/W] Eq. 4.2
Hsystem(z) Transfer function of the complete system (z-domain) Sec. 5.5.3
H(x) The Hessian matrix in point x Eq. 6.2
h̄ Planck’s constant (= 6.63 ·10−34 Js) Eq. 4.9
h(t) Impulse response function
hccd(u,v) PSF of the CCD camera Eq. 4.5
hfast(t) Impulse response of a well perfused region Eq. 5.24
hfs(u,v) PSF due to the focal spot of the X-ray source Eq. 4.4
hgamma(t) Impulse response of a cascade of mixing chambers Eq. 3.57
hII(u,v) PSF of the Image Intensifier system Eq. 4.5
hlagnorm(t) Impulse response of the lagged-normal flow model Eq. 3.63
hMTF(u,v) Lumped PSF of the imaging system Eq. 4.16
hmixing(t) Impulse response of a single mixing chamber Eq. 3.55
hplugflow(t) Impulse response of plug flow through a tube Eq. 3.50
hpoiseuille(t) Impulse response of Poiseuille flow Eq. 3.52
hslow(t) Impulse response of an under-perfused region Eq. 5.24
hspaghetti(t) Impulse response of the ‘spaghetti’ flow model Eq. 3.62
hsvg(u,v) Lumped PSF due to scatter, veiling glare, limited focal

spot size, and the CCD detector
Fig. 4.2(b)

h′svg(u,v) Augmented version of hsvg(u,v) Eq. 4.15
hsystem(t) Impulse response of the complete system Sec. 5.5.3
hventricle(t) Impulse response of the ventricular mixing chamber Eq. 3.59
hvessel(t) Impulse response of vascular blood flow Eq. 3.53
I X-ray intensity [W/m2] Sec. 4.2.2
ID Intensity of X-rays impinging on detector [W/m2] Eq. 4.2
Iin Intensity of X-rays transmitted by the source [W/m2] Eq. 4.1
Iout Intensity of X-rays leaving an object [W/m2] Eq. 4.1
Ip Intensity of the primary X-ray beam [W/m2] Eq. 4.6
Iscatter Intensity of scattered radiation [W/m2] Fig. 4.2(a)



NOMENCLATURE v

Isvg Lumped contribution of confounding factors on the total
X-ray intensity [W/m2]

Fig. 4.2(b)

Iv.glare Intensity of radiation caused by veiling glare [W/m2] Fig. 4.2(a)
i Electrical current [A] Sec. 2.2
icathode The cathode current of the X-ray source [mA] Fig. 4.1
iL Electrical load current [A] Fig. 2.3(a)
K Number of landmark points Sec. 7.2
K0 Number of landmarks deemed accurate Sec. 7.3
k Counter (k ∈ N)
kVp The anode-cathode voltage of the X-ray source [kV] Eq. 4.9
L A general (physical) length [m]
L Rank of a matrix Sec. 7.4
Lroi Length of a ROI [mm] Fig. 5.2
Ls Length of a coronary artery stenosis [mm] Eq. 2.4
M Image size (M-by-M pixels) Sec. 7.1
M Motion matrix, M = [X |Y ]T Sec. 7.4
M Number of branches to find Sec. 6.3
M̂L Lower-rank matrix (of rank L) Sec. 7.4
m0 Amount of indicator administered [mg] Eq. 3.21
mi Amount of indicator in conduit i [mg] Eq. 3.25
mi Amount of indicator in compartment i [mg] Eq. C.3
mmax Maximum value of ms (as function of time) Eq. 3.41
ms Amount of indicator inside the subsystem S [mg] Eq. 3.2
N Constant (N ∈ N)
N Length of the angiographic image sequence [# frames] Sec. 7.1
Necg Duration of one cardiac cycle [# frames] Sec. 7.2.3
n Image number in the sequence, n ∈ {1,2, . . . ,N} Sec. 7.1
n0 Number of the image subjected to segmentation Sec. 7.1
npre,npost The first and last contrast images in the sequence, resp. Sec. 7.1
nref Number of the image used as reference Sec. 7.4
P, ∆P Pressure or pressure drop [Pa] (or [mm Hg]) Sec. 2.2
Pa Mean aortic pressure [mm Hg] Sec. 2.2
Pcoll Mean perfusion pressure of collateral circulation [mm Hg] Fig. 2.7
Pd Mean perfusion pressure distal to a stenosis [mm Hg] Sec. 2.2
PF=0 No-flow pressure [mm Hg] Sec. 2.2.1
Pr(θ;s) Circumferential profile function Eq. 6.14
Pv Mean venous pressure [mm Hg] Sec. 2.2
Pw Mean wedge pressure [mm Hg] Fig. 2.8(b)
∆Ps Pressure drop across a stenosis [mm Hg] Eq. 2.4
p,pk Landmark point, or landmark point coordinates Sec. 7.2
∆p Motion vector Sec. 7.3
Q Amount of contrast material [mg I2] Sec. 4.5.4
Qroi Amount of contrast material represented by the designated

ROI [mg I2]
Eq. 5.1

q Electric charge of one electron (= 1.602 ·10−19 C) Eq. 4.9
q A point or vector in an image Sec. 6.2



vi NOMENCLATURE

R Resistance to blood flow, or electrical resistance [ω] Sec. 2.2
R Radius of a tube or vessel [m] Eq. 2.1
R0 Radius of non-stenotic lumen [mm] Eq. 2.4
RB Vessel resemblance criterion Eq. 6.7
Repi Resistance of the heart and epicardial vessels [mPa·s/ml] Fig. 2.4
Ri Recovery of indicator through outlet i [mg/mg] Eq. 3.25
RL Resistance of the ‘load’ of a circuit [Ohm] Sec. 2.2.1
Rmyo Resistance of the myocardial perfusion bed [mPa·s/ml] Sec. 2.2.1
Rs Stenosis resistance [mPa·s/ml] Fig. 2.4
Rs Minimum radius of stenosis lumen [mm] Eq. 2.7
Rth Internal resistance of the Thévenin equivalent [Ohm] Sec. 2.2.1
r Distance to the center of a tube [m] Eq. 2.1
r Radius of the scan circle Eq. 6.14
S Fluidic subsystem Fig. 3.1
S Vessel resemblance criterion Eq. 6.8
S1, S2 Subsystems of the system S Fig. 3.4
s Ratio of successive scales Eq. 6.11
s,sm Trace points, or trace point coordinates
∆s Distance travelled by the contrast bolus [mm] Fig. 5.7(b)
Tacq Delay between two successive images [s/frame] Sec. 7.1
Tcirc Recirculation time of the carrier fluid [s] Sec. 3.1.3
Tecg Duration of one cardiac cycle [s] Sec. 7.2.3
TL Travel time of bolus front over a distance L [s] Sec. 3.6.1
t Time [s]
t̄ Mean Transit Time [s] Eq. 3.13
t10 Period equal to 10 minutes Eq. 3.37
tarr(%) Generalized bolus arrival time [s] Tab. 5.1
tfa First appearance time [s] Tab. 5.1
thm Time to half max [s] Tab. 5.1
tmat Mean arrival time [s] Tab. 5.1
tmax Time to peak [s] Tab. 5.1
tmirt Mean integrated rise time [s] Tab. 5.1
tref Reference time [s] Sec. 5.1.3
tsa Steepest ascend time [s] Tab. 5.1
tss Time to reach sub-systemic indicator steady state [s] Sec. 3.1.3
∆t Alternative timing parameter for t̄ [s] Sec. 5.1.3
∆trt Rise time [s] Tab. 5.1
U Electrical voltage [V] Sec. 2.2
U(r) Non-linear contribution to thin-plate spline Eq. 7.5
UL Voltage across the load resistance [V] Sec. 2.2
Uth Voltage of the source in an Thévenin circuit [V] Fig. 2.3(b)
u Generalized image coordinate as, in (u,v) Sec. 4.2.2
u(t) Unit step function
V Volume [ml]
V (x) Multi-scale vessel resemblance function Eq. 6.11
V (x;σ) Single-scale vessel resemblance function Eq. 6.6



NOMENCLATURE vii

Vdiast End-diastolic left ventricular volume [ml] Eq. 2.8
Vepi Vascular volume of the epicardial arteries [ml] Fig. 5.6
Vs Volume of distribution of the subsystem S [ml] Sec. 3.1.4
Vstroke Stroke volume the left ventricle [ml] Eq. 2.8
Vsyst End-systolic left ventricular volume [ml] Eq. 2.8
v Generalized image coordinate, as in (u,v) Sec. 4.2.2
v,v(r) Linear fluid velocity (as a function of r) [m/s] Eq. 2.1
v̄ Average fluid flow velocity over the cross section [m/s] Sec. 2.1.1
v0 Maximum velocity of a fluid flow [m/s] Eq. 2.1
v1,v2 Eigenvectors of the Hessian matrix Sec. 6.1
W Mask matrix Sec. 7.4.3
Wroi Width of the ROI [mm] Fig. 5.2
w Set of controlling parameters of the TPS Eq. 7.4
X Matrix of u-coordinates of landmark points Sec. 7.4
x Distance travel by an X-ray through matter [mm] Sec. 4.2.2
x(u,v) Iodine thickness represented by image pixel (u,v) [mm] Sec. 4.5.3
x A general point in an image, (u,v)
xb,xc Input parameter during bolus injection and continuous in-

fusion, resp.
Sec. 3.1.4

Y Matrix of v-coordinates of landmark points Sec. 7.4
yb,yc Output parameter during bolus injection and continuous

infusion, resp.
Sec. 3.1.4

Z X-ray source-to-detector distance [m] Eq. 4.25
z Generalized coordinate parallel to X-ray beam [m] Sec. 4.2.2
z Laplace parameter

Greek symbols

α Linear part of stenosis resistance [mPa·s/ml] Eq. 2.3
α Weight factor of direction estimate Eq. 6.19
αsvg(u,v) Contribution of scatter and veiling glare Eq. 4.6
αsvg,0 Assumed constant value of αsvg(u,v) Sec. 4.3.3
β Non-linear part of stenosis resistance [mPa·s2/ml2] Eq. 2.3
β1 Weight factor of RB Eq. 6.6
β2 Weight factor of S Eq. 6.6
β3 Weight factor of |∆ϕ| Eq. 6.16
γ Relative threshold in definition of the arrival time Tab. 5.1
γ Fraction of the max lobe value Eq. 6.17
∆ Threshold for time-density curve [mg] Eq. 5.13
δ Stop threshold for tracing Eq. 6.23
δ(t) Dirac pulse
Θ Angular search area or range Eq. 6.21



viii NOMENCLATURE

θ An angle or direction [rad] Sec. 6.2
θ0 Direction of the main lobe [rad] Sec. 6.3.2
θ−1,θ+1 Boundaries of the main lobe [rad] Sec. 6.3.2
λ Wavelength [m] Eq. 4.9
λ Partition coefficient [ml/g] Eq. C.1
λ Weight factor in the approximating TPS Sec. 7.3
λ1,λ2 Eigenvalues of the Hessian matrix Sec. 6.1.1
µ Viscosity [mPa·s] Eq. 2.4
µ Attenuation coefficient [cm−1] Sec. 4.2.2
µ(u,v,z) Spatial distribution of attenuation coefficients [cm−1] Sec. 4.2
µ(u,v,z;E) Spatial distribution of attenuation coefficients, at the given

(monochromatic) photon energy E [cm−1]
Sec. 4.3

µblood Attenuation coefficient of whole blood [cm−1] Sec. 4.5.3
µc Attenuation coefficient of the (undiluted) contrast agent

[cm−1]
Sec. 4.2.3

µc0 Normalized attenuation of iodine [cm2/g] Eq. 4.3
µeff Effective attenuation coefficient at given kVp [cm−1] Eq. 4.11
µtissue Average attenuation coefficient of the tissue [cm−1] Eq. 4.19
ω Spatial frequency [lp/mm] Eq. 4.17
ωc Constant cut-off (spatial) frequency [lp/mm] Eq. 4.17
Φ(x) Vessel directional field Eq. 6.13
φ The flux of indicator [mg/s] Eq. 3.1
ϕ An angle or direction [rad] Sec. 6.3
∆ϕ Difference in directions [rad] Eq. 6.15
φin The convective influx of indicator [mg/s] Eq. 3.2
φout The convective efflux of indicator [mg/s] Eq. 3.2
φs The non-convective efflux [mg/s] Sec. 3.1.1
ρ Iodine density [g/ml] Eq. 4.3
ρ Weight factor in building templates Eq. 7.6
ρ Relative value of r (tracing) Eq. 6.20
ρdir Relative value of r (branches) Eq. 6.24
σ Scale Sec. 6.1
σlow Smallest scale Eq. 6.11
σopt Scale giving the maximum response Eq. 6.10
σup Biggest scale Eq. 6.11
τ Time constant of a mixing chamber (τ = V/F) [s] Sec. 3.6
Ξxy Functional describing the input-output relation of some

(time-dependent) system
Eq. 3.6

ζ Conversion constant [g s/ml] Eq. 3.47

Special symbols

F{•} The Fourier transform of •



NOMENCLATURE ix

N Set of natural numbers
Z Set of integer numbers
•(0) A quantity during resting (basal) conditions
•(h) A quantity during maximum hyperemic conditions
•(∗) The theoretical value (in the absence of stenoses)
•(0∗) The theoretical value (in the absence of stenoses) during

resting (basal) conditions
•(h∗) The theoretical value (in the absence of stenoses) during

maximum hyperemic conditions
•̄ A mean or average value
•̇ The time-derivative of a quantity (∂•/∂t)
•̂ An estimated or assumed value
∠• The angle or argument of
{•} A set
| • | The Euclidian norm

Abbreviations and acronyms

BFR Bifurcation Flow Ratio Eq. 5.10
CAD Coronary Artery Disease Sec. 2.1.2
CCD Charge-Coupled Device (image detector) Sec. 4.3
CCS Coronary Calcium Score Sec. 2.3.1
CFR Coronary Flow Reserve Sec. 2.4.1
CRR Coronary Resistance Reserve Sec. 2.4.4
CT Computed Tomography Sec. 4.1.2
CTFC Corrected TIMI Frame Count Sec. 2.3.3
DCI Digital Cardiac Imaging system Sec. 8.1
DICOM Digital Imaging and Communications in Medicine Sec. 8.1
DSA Digital Subtraction Angiography Sec. 4.5.3
DSR Dynamic Spatial Reconstructor Sec. 4.1.2
EBCT Electron-beam Computed Tomography Sec. 4.1.2
ECG Electrocardiogram
EF Ejection Fraction Eq. 2.8
EKG Alternative name for ECG
EMF Electromagnetic Flow probe Sec. 2.5
fast CT spiral CT or EBCT Sec. 4.1.2
FFR Fractional Flow Reserve Sec. 2.4.3
FFRcor Coronary Fractional Flow Reserve Sec. 2.4.3
FFRmyo Myocardial Fractional Flow Reserve Sec. 2.4.3
fMRI functional (phase-velocity) MRI Sec. 4.1.3
fps Frames per Second
IHDFPS Instantaneous Hyperemic Diastolic Flow-to-Pressure

Slope index
Sec. 2.3.3



x NOMENCLATURE

IHDVPS Instantaneous Hyperemic Diastolic Velocity-to-Pressure
Slope index

Sec. 2.3.3

IVUS Intravascular Ultrasound Sec. 4.1.6
LAD Left Anterior Descending Artery Sec. 2.1.1
LAO Left anterior oblique (camera position)
LCA Left Coronary Artery Sec. 2.1.1
LCx Left Circumflex artery Sec. 2.1.1
LMCA Left Main Coronary Artery Sec. 2.1.1
MCE Myocardial Contrast Enhanced US Sec. 4.1.4
MI Myocardial Infarction
MIMO Multiple-Input Multiple-Output system Sec. 3.1.4
MRA Magnetic Resonance Angiography Sec. 4.1.3
MRI Magnetic Resonance Imaging Sec. 4.1.3
MRS Magnetic Resonance Spectroscopy Sec. 4.1.3
MSE Mean Squared Error Sec. 8.2.1
MTF Modulation Transfer Function Sec. 4.3.7
OCT Optical Coherence Tomography Sec. 4.1.7
PET Positron Emission Tomography Sec. 4.1.5
PSF Point Spread Function Sec. 4.3
QCA Quantitative Coronary Angiography Sec. 4.5.1
RAO Right anterior oblique (camera position)
RCA Right Coronary Artery Sec. 2.1.1
RCFR Relative Coronary Flow Reserve Sec. 2.4.2
RF Radio-Frequent pulse (in MRI) Sec. 4.1.3
ROI Region-of-Interest Sec. 4.5.4
SFR Stenosis Flow Reserve Sec. 2.4.5
SISO Single-Input Single-Output system Sec. 3.1.4
SPECT Single-Photon Emission Computed Tomography Sec. 4.1.5
SVG Scatter and Veiling Glare Sec. 4.3
SVG Saphenous Vein bypass Graft Sec. 2.1.2
TEE Trans-Esophagal Echocardiography Sec. 4.1.4
TIMI Thrombolysis In Myocardial Infarction (a clinical trail) Sec. 2.3.3
TPS Thin-plate Spline Sec. 7.3.3
TTE Trans-Thoracic Echocardiography Sec. 4.1.4
US Ultra-Sound Sec. 4.1.4
XA X-ray Angiography Sec. 4.2
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Chapter 1
INTRODUCTION

Digital analysis of medical images is an exciting research area that requires a synergy
between technical, engineering, and (bio-)medical disciplines. In the specific case of this
project, the motivation stems from clinical cardiology practice, in which patients are be-
ing diagnosed with, and treated for coronary artery disease on a routine basis. But next to
providing the motivation of this research, the clinical setting also dictates the approaches
and the techniques that can be harnessed to conquer the (technical) challenges. This syn-
ergy between different disciplines is reflected in this thesis: whereas the primary goal is
to develop a technical solution to a specific problem (that is, the angiographic assessment
of the severity of coronary stenoses), the medical aspects are certainly not omitted. This
introduction will therefore start with a brief description of the medical/clinical setting of
this thesis (Section 1.1). After that, the discussion shifts towards a more technical descrip-
tion of the background of the project, in Sections 1.2 and 1.3. In Section 1.4 the approach
and goals are outlined, and this chapter ends with an overview of the chapters to follow.

1.1 Medical background

In the industrialized countries, coronary artery disease (CAD) is one of the most common
causes of death. In this disease, the deposition of plaque material and a chronic thickening
of the coronary arterial wall (atherosclerosis) obstructs the blood flow to the heart muscle
(the myocardium). In the onset of this disease, these stenoses (arterial lesions) only limit
the blood flow during high demand, leading to well known symptoms like discomfort and
chest pain (angina pectoris) during exercise or stress. These symptoms are the result of
myocardial ischemia, a generally transient deficiency of blood supply to the myocardium.
If such a condition of low blood flow sustains, it eventually leads to myocardial infarction
(a ‘heart attack’) and necrosis of muscle tissue. As the necrotic muscle tissue is replaced
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by non-contracting scar tissue, the infarcted areas of the myocardium show a diminished
contractile function, and may even bulge out due to the pressure buildup in the ventricle
during systole. Due to the higher workload of the left ventricle compared to the right,
myocardial infarction is more likely to occur at the left side of the heart. The result-
ing decreased left ventricular function results in a marked increase in pulmonary arterial
pressure, with respiratory failure as a results (congestive heart failure).

In this thesis, we focus solely on the flow-limiting effect of coronary stenoses. Any
other risks associated with coronary atherosclerosis, such as myocardial embolization due
to fibrin cloth formation or unstable plaques, are disregarded.

1.1.1 Diagnosing coronary artery disease

Coronary artery disease is normally diagnosed after the onset of symptoms, e.g. by
hemodiagnosis, or pronounced alterations of the electrocardiogram (ECG, or EKG) [Guy-
ton and Hall 1996]. The conclusive diagnosis of CAD is almost without exception based
on the outcome of an exploratory cardiac catheterization, yielding angiographic images
of the coronary circulatory system.

However, the prevalence of asymptomatic coronary atherosclerosis greatly exceeds
that of established coronary artery disease. Autopsy studies have demonstrated the
presence of histologic coronary atherosclerosis in 50-75% of young asymptomatic
men [Gradus-Pizlo et al. 1999]. Although these statistical data demonstrate the need
for the introduction of preventive screening programs [Gradus-Pizlo et al. 1999; Manning
et al. 1993], the feasibility of such programs is limited. First of all, no suitable diag-
nosis technique is available. Only very few techniques are able to measure the stage of
the disease directly; most methods only determine the effect of the arterial narrowing on
cardiac function. And since the disease has to develop to a considerable level before im-
peding cardiac function, preventive screening using such methods is meaningless. Also,
such methods are still too invasive to allow widespread clinical application. The second
reason for the low feasibility of preventive screening as of today, is that the processes
behind atherosclerosis (which eventually leads to coronary artery disease) are not well
understood. It has been established that factors like cholesterol, smoking, hypertension,
and diabetes influence the progression of this condition [Guyton and Hall 1996], but there
are still no conclusive answers as to what triggers endothelial dysfunction in the first
place. Also, there are indications that the human body has devised ways to protect the
myocardium against ischemia, e.g. by the recruitment of collateral vessels (angiogene-
sis). So, the consequences of arterial narrowing on cardiac function, and hence on the risk
of future myocardial events, are not well understood. Consequently, even if screening of
patients at risk would result in the detection of early stages of coronary artery disease, the
best treatment for these patients is still unknown.

Next to the problem of reliably and accurately detecting the early signs of coronary
artery disease (e.g. for screening and research purposes), there is also a need for methods
to substantiate a preliminary diagnosis of coronary artery disease, and to quantify its
severity. So, instead of determining subtle changes in (early) disease stages as required
for pathology research or screening, we are now concerned with the measurement of
the immediate impact of the disease on the coronary circulation. In this more clinically
oriented approach, the focus has shifted towards the immediate condition of the patient
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(i.e. the risk of future myocardial events); the determination of the endothelial function
becomes of lesser importance. The important clinical application areas for this kind of
measurement methods include:

• Risk stratification, for example in assessing the risk of future cardiac events with
and without treatment [Gibson et al. 1983; Hachamovitch et al. 2000]. Can this
patient go home safely?

• Assessment of infarct-related myocardial damage. What is the size of the endan-
gered myocardium, and is it still viable? Can this heart be saved?

• Selection of therapy for confirmed CAD patients. What medication to prescribe,
and what type of intervention to choose? Which of multiple stenoses is the culprit
stenosis?

• Planning of the (surgical) procedure. Where is the lesion, and how to access it?
• Procedure guidance. Is the balloon catheter placed correctly into the stenosis?
• Assessment of the (immediate) results of intervention. How did we do?
• Follow-up after intervention. Was the treatment effective?

Traditionally, medical imaging has been the method of choice for these tasks as it enables
the (approximate) localization of the lesion. That is, it allows the identification of the
myocardial area at risk, or even the identification of the stenosed vessel. However, not all
medical imaging modalities are as suited to a given clinical application as others. This is
depicted in Figure 1.1, pointing out the strong connection between the clinical application,
the imaging modality, and the definition of stenosis severity.

1.1.2 The severity of coronary stenoses

In this thesis, we focus in particular on the assessment and quantization of the physiolog-
ical severity of established coronary artery stenoses (the third, sixth and seventh items in
the list on page 3: therapy selection and the assessment of the outcome). It is our hypoth-
esis that the accurate and quantitative assessment of this severity is important because of
the following reasons [Kern et al. 1995; Klocke and Greenberg 1998; Wilson 1996]:

• Since the introduction of cardiac surgery and transluminal intervention techniques,
many new treatment options have been developed [Amplatz 1991]. By the way,
these treatment options generally do not stop or slowdown the disease process,
but merely resolve the resulting coronary obstruction and the associated immediate
risks of myocardial infarction. The long-term effectiveness of these treatment op-
tions need to be investigated, requiring reproducible and quantitative measurement
of stenosis severity over a long period of time to account for restenosis (typically 6
months or more).

• Also due to the wide range of treatment options, a reliable way has to be found
to select the most appropriate option for each patient (actually, for each stenosis).
Especially in cases with evidence of multiple sub-critical coronary stenoses, it is
important to select the culprit lesion(s); the treatment of every additional lesion
increases the risks of complications.

• Obviously, an accurate diagnosis reduces overall costs and risks. This works in
two ways: deferring (surgical) treatment of certain stenoses based on physiological
severity measurements saves money directly and reduces the risks associated with
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Figure 1.1: Overview of the mutual relationships between the clinical application, the
way of defining the severity of coronary stenosis, and the imaging modality used. The
central issue in this figure is the measurement of the severity of coronary stenoses in a
clinical setting.

the treatment. On the other hand, treating stenoses that normally would have re-
mained undetected decreases the risk of future cardiac events, and thus decreases
the long term costs.

It is appropriate to note that, in most clinical cases, the cardiologist will be quite capable
of determining the best treatment option, without explicitly quantifying the physiological
severity of the stenosis [Marcus et al. 1988]. However, there are also cases in which the
identification of the culprit lesion is much more troublesome, for example with vague
complaints, multiple diffuse arterial narrowings, collateral flow, and/or non-reproducible
episodes of ischemia and diminished cardiac function. In such cases, the quantification
of the severities of each of the suspected stenoses may prove helpful. Also, the disease
may result in the complete blockage of certain (small) branches, such that these branches
do not show up at all in the coronary angiograms, and are easily overlooked by the car-
diologist. The only way to identify such lesions is to detect low perfusion areas of the
myocardium, for example by employing a perfusion scan. Such a perfusion scan is one
of several options of determining the physiological severity of coronary stenoses, as will
be shown shortly.
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Definition of stenosis severity

Surprisingly, one of the challenges in determining the severity of a coronary stenosis is
the question how to define this severity. The several options available can be divided
into three main groups: stenosis geometry and plaque composition, cardiac function, and
vessel function (flow and perfusion) [Vogel 1988]. The clinical application determines
which of these methods is to be preferred, as illustrated in Figure 1.1.

Stenosis geometry and plaque composition
The first group of methods assesses the severity of the stenosis by measuring stenosis
characteristics like the minimal diameter, the length of the stenosis, or the composition of
the plaque that has settled inside the lumen. Although this provides an accurate descrip-
tion of the arterial lesion itself, its impact on the perfusion of the myocardium can only be
implied based on many (heuristic) assumptions. Especially the influences of the myocar-
dial perfusion bed and collateral flow are important sources of interpretational problems.
So, stenosis characteristics is not a physiological measure of stenosis severity.

Cardiac function
The second group of definitions of stenosis severity uses the (local or global) cardiac
function as a measure of the impact of the stenosis on myocardial perfusion. Whereas
this provides a physiological interpretation of the stenosis severity, it is both insensitive
and nonspecific. A stenosis has to be very severe before cardiac function is markedly
impaired. Also, many other conditions other than coronary artery disease lead to an im-
paired cardiac function. So, it is not a good method of assessing the physiological severity
of individual stenoses. However, after having diagnosed coronary artery disease by any
other means, cardiac function proves very useful in determining the prognosis of a patient
as it incorporates the general condition of the heart.

Vessel function: flow and perfusion
The third and last main group of stenosis severity measures employs the function of the
vessel itself. So, these methods measure the extent in which the basic function of the
artery is impaired by the presence of the stenosis (i.e. the hemodynamic severity). Of
special importance in this respect are the so-called flow reserve methods. The flow re-
serve assesses the ability of the vessel (or the complete coronary circulatory system) to
increase coronary blood flow in response to an increased oxygen demand. The idea is
that, in a healthy subject, the blood flow can increase about 5 times in going from a rest-
ing state to maximum exercise. In the presence of a stenosis however, it is believed that
a part of this ‘flow reserve’ has already been dissipated to compensate for the increased
vascular resistance of the supplying artery. So, a diminished flow reserve is an indicator
for hemodynamic stenosis severity.

Our definition of stenosis severity: flow reserve

In this thesis, the focus will be on the last group of stenosis severity measures (i.e. those
measuring vessel function), and in particular on the flow reserve methods. These methods
provide ways to assess the hemodynamic severity of coronary stenoses, which is in close
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concordance with the medical application we selected in Section 1.1.2: therapy selection
and the assessment of the outcome. Furthermore, coronary blood flow and perfusion are
(relatively) easily and accurately determined and quantified, as opposed to e.g. cardiac
function.

Unfortunately, the blood flow methods do not provide an unambiguous definition of
stenosis severity. To give an example, consider a completely obstructed coronary artery,
and suppose that due to the recruitment and development of collateral vessels the my-
ocardial blood flow is not impaired. In this extreme case, the severity of the stenosis
itself would be one hundred percent in terms of the function of the vessel (i.e. its task
to transport blood). However, in terms of the function of the overall coronary circulatory
system, the stenosis is not severe at all (blood is being supplied to all myocardial areas as
if the stenosis were not there). So, is it the blood flow through the stenosis, or the overall
blood flow to the perfusion area that should be taken into account? As will be shown
in Chapter 2, there is no conclusive solution to this problem: it all depends on what the
(clinical) question is (see also Figure 1.1). Since that issue requires clinical knowledge of
a cardiologist, we make no conclusive answer to it. However, we can add extra insights
into the problem of measuring the severity of coronary stenoses from an engineering point
of view. To this extent, the coronary vascular system will be modelled by a simple (re-
sistive) electrical circuit, enabling the systematic analysis of the different definitions of
hemodynamic stenosis severity.

1.2 Imaging in coronary artery disease

Cardiac imaging is the method of choice in the detection and the assessment of coro-
nary artery disease. The most important reason for this is probably the relatively non-
invasiveness of cardiac imaging. Even the most invasive cardiac imaging modality (X-ray
imaging) is to be preferred over excising a possible coronary lesion during cardiac surgery.
Also, non-imaging measurement methods employing an intravascular approach instead of
surgery still require cardiac imaging to locate the arterial lesion and to guide the proce-
dure. In this respect, cardiac imaging is an indispensable tool in determining the severity
of coronary stenoses.

1.2.1 Imaging requirements

Obviously, the different types of stenosis severity measures as introduced in the previous
section (Section 1.1.2) impose different specific requirements on the imaging techniques,
as depicted in Figure 1.1. These requirements can be summarized as follows:

• The determination of stenosis geometry and plaque composition requires an imag-
ing modality with a high spatial resolution, in the order of millimeters or smaller.
Especially in assessing the geometries of distal stenoses higher resolutions are
needed as these arteries have diameters in the order of millimeters themselves. In
order to distinguish different types of plaque compositions (e.g. vulnerable fibrous
plaque versus calcified plaque), the imaging method should be very sensitive to
changes in plaque composition (e.g. to the amount of calcium contained in the
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plaque). In general, the intravascular imaging techniques perform best in this type
of measurements.

• In order to measure cardiac function, the imaging modality needs to be fast. We es-
timate that a systolic contraction takes less than 20% of a R-R interval (one cardiac
cycle), resulting in a systolic contraction in about 100 ms at a heart rate of 120 beats
per minute. This short duration, combined with the relatively high velocity of the
ventricular wall during this period, necessitates an acquisition time of less than say
20 milliseconds to avoid motion blurring. Also, in order to capture the full motion
of the heart, frame rates of 25 frames per second or more are advisable. Only in
specific applications (e.g. in calculating the stroke volume), two frames per cardiac
cycle are sufficient (using appropriate ECG gating).

• The measurement of flow and perfusion requires a combination of high spatial and
high temporal resolutions, especially if phasic blood flow is to be determined. The
requirements in case of measuring myocardial perfusion are a little less strict be-
cause the passage of blood through the perfusion bed is considerably slower than
through an epicardial vessel. Also, in measuring perfusion, the measurement site is
normally larger than in measuring epicardial blood flow, relaxing the requirements
on spatial resolution as well.

We will use these requirements to review cardiac imaging modalities and assess their
suitability for the measurement of stenosis severity (in general).

1.2.2 Angiography

The overview of cardiac imaging modalities shows the technical and operational limita-
tions of most ‘modern’ imaging modalities (like MRI and ultrasound) in interrogating the
relatively small and fast moving coronary arteries in a clinical setting. In comparison,
X-ray angiography offers some distinct advantages:

• X-ray imaging offers high spatial and temporal resolutions.
• The equipment is readily available, and grants the performing physician almost

unlimited access to the patient, even during the actual acquisition. This enables the
acquisition of image and measurement data during interventional procedures.

• It provides a complete overview of the coronary artery tree and the perfusion beds,
thereby diminishing the risk of remaining oblivious of the presence of stenoses.

• X-ray angiography is the standard imaging modality in diagnosing and treating
coronary artery disease. And due to its specific advantages, it is not to be expected
that the standard X-ray catheterization protocol for diagnosing and treating coro-
nary artery disease is soon to be replaced by emerging technologies like open-MRI
or echocardiography.

In this context, the advantages of deriving physiological severity measures directly from
routinely acquired angiographic images (without the use of additional imaging procedures
and/or modalities) are apparent [Ritman 1990]. Unfortunately, there are also some disad-
vantages and limitations to the use of X-ray angiography to assess the severity of coronary
stenoses. Most notably, the fact that only two dimensional projections of complex three
dimensional structures and phenomena are available, complicates the practical analysis of
the images considerably.
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Figure 1.2: The propagation of contrast material through the coronary arteries and the
generation of a time-density curve, normalized to its maximum value (indicative only).
The top row of images shows a selection of 3 images (frames) of a single angiographic
image sequence, at the indicated time points.

The analysis of coronary angiograms in daily clinical practice has not changed much
since its initial introduction, apart from the fact that the images are now presented on
a digital monitor as opposed to using a cinefilm projection screen. The severities of
the stenoses are still being judged manually, by visual inspection of its geometry, de-
spite the recognition that better (physiological) severity measures and automated analysis
procedures do exist [Marcus et al. 1988; Topol and Nissen 1995]. There are several ar-
ticles discussing the problematic issues associated with the two-dimensional and visual
analysis of complex three-dimensional phenomena (see Topol and Nissen [1995] for an
overview) [DeRouen et al. 1977; Detre et al. 1975; Galbraith et al. 1978; Grondin et al.
1974; Lesperérance et al. 1998; Nienaber et al. 1998; Zir et al. 1976]. Also, as argued
above, the value of stenosis geometry in determining the physiological severity of coro-
nary stenoses is debatable [Gould and Lipscomb 1974; Gould et al. 1974].

Ever since the recognition of the limitations of visual inspection to assess the severity
of stenoses, alternatives have been sought. The research has focussed on two issues: re-
placing the visual inspection of angiograms by computerized measurements of the steno-
sis geometry (known as Quantitative Coronary Angiography, QCA) [Brown et al. 1977],
and secondly, using other criteria than stenosis geometries to describe the severities of
the stenoses [Gould and Lipscomb 1974; Gould et al. 1974]). It turned out that both
goals can be reached using a variety of imaging modalities, combined with even more
stenoses severity measures. Most notable are the development of nuclear cardiac imaging
techniques [Gould 1978; Gould et al. 1978] and intravascular Doppler ultrasound mea-
surements [Di Mario et al. 1995; Kern et al. 1993] for this purpose. Whereas these two
methods have gained a reputation for being very reliable and accurate, and are therefore
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recognized as the new gold standards for measuring the physiological stenosis severity
(thereby replacing QCA), they are not applied in clinical practice on a routine basis due
to their high costs (amongst other reasons).

A more inexpensive solution to the assessment of stenosis severity is enabled by ad-
vanced analysis of coronary angiograms; since these angiograms are being acquired on
a routine basis, the costs of such a method are inherently lower than using any other
imaging modality [Ritman 1990]. Over the years, researchers have developed a wide
variety of such advanced analysis techniques, including the measurement of vessel and
stenosis geometries by QCA [Brown et al. 1977; Fleagle et al. 1989], the assessment of
epicardial stress and strain [Young et al. 1992], three-dimensional reconstruction of the
vascular structures from biplane angiographic images [Hulzebosch et al. 1990; Klein et al.
1998; Parker et al. 1987; Wahle et al. 1995], and fusion of intravascular ultrasound im-
ages with biplane acquisitions [Cothren et al. 2000; Molina et al. 1998]. But the most
valuable development in this context is the measurement of coronary blood flow and my-
ocardial perfusion, as introduced by Rutishauser et al. [1970a]; Smith et al. [1971]; Vogel
et al. [1984]. As concluded in Section 1.1.2, such flow and perfusion measurements can
be used to assess the hemodynamic severity of coronary stenoses [Bürsch and Heintzen
1988].

There seems to be consensus between experts on the limitations of visual inspection of
coronary angiograms to assess coronary stenoses [Marcus et al. 1988; Topol and Nissen
1995]. But, while everybody seems to be convinced of its limitations, in daily practice
it is still the most widely used method. Most likely, this discrepancy between general
knowledge and daily practice is caused by the lack of a suitable alternative. This does
not mean that there are, technically speaking, no alternatives. However, developing a
system that not only performs well, but is also easy to operate, completely transparent
to the physician, etc. proves to be a daunting task. Also, a great amount of stenoses
encountered in daily practice do not require a painstakingly assessment of their severities,
thereby possibly diminishing the urge of cardiologists to use better assessment tools. The
development of new tools should therefore aim at tailoring the practical implementation to
the routine procedures, and to the way of thinking as perceived by physicians, as opposed
to engineers.

1.3 Angiographic assessment of flow

The method first used by Rutishauser et al. [1970a] to measure coronary blood flow based
on coronary angiograms employs a combination of two techniques: tracer kinetics, and
densitometry. Tracer kinetics (or tracer kinetic theory) is a general term for the indirect
measurement of flows and volumes by using a designated indicator (or tracer) [Lassen
and Perl 1979]. The theory relates physical quantities like flow and volume to the (change
of) concentrations of this indicator within the system. The most intuitive application
of this theory is the determination of volume or flow during so-called indicator steady
state. As an example, consider a closed system with an unknown but constant volume
of water (e.g. a filled bathtub). In order to determine the volume of water, a small but
known amount (mass) m0 of an indicator substance, for example common salt (sodium
chloride), is administered. After dissolving the salt in the water, and after stirring to arrive
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at complete mixing, the measurement of the salt concentration c in the bathtub yields the
volume of water:

c =
m0

V
⇒ V =

m0

c
(1.1)

As a second example, consider another simple system: a small river or canal without any
connecting streams (tributary) through which 10 cubic meters of water flows each minute.
Administering an amount of one kilogram of common salt per minute into this stream will
eventually (after mixing) result in a downstream concentration of 103/104 = 0.1g/dm3 of
salt. Or, vise versa, the flow F equals:

c =
1kg/min

104 dm3/min
=

dm/dt
F

⇒ F =
dm/dt

c
(1.2)

with dm/dt the rate of administering the indicator. So, by measuring a concentration, flow
can be calculated. These two examples show that the theory is based on the determination
of indicator concentrations (or its amount). Note however, that these examples do not use
the same methods as those employed in determining coronary blood flow. In practice,
a bolus injection (a small ‘burst’) of indicator is used, requiring a similar, but slightly
different analysis. Also, these examples are very simplified; in reality many confounding
effects occur (see Chapters 3 and 5).

In coronary angiography, the indicator substance that is used for measuring flow and
perfusion is the angiographic contrast agent. Normally, this contrast agent is only used to
visualize the coronary arteries, but since its local concentration can be determined angio-
graphically, it can be used as an indicator for coronary blood flow in the tracer kinetics
paradigm as well. The angiographic technique that is used for this purpose is densito-
metry, enabling the measurement of the amount of contrast material, or its density, at a
specific sampling site. This contrast density is measured as a function of time, resulting in
so-called time-density curves (see Fig. 1.2). Based on such curves, several tracer kinetic
methods are available to measure coronary blood flow and myocardial perfusion. Obvi-
ously, the contrast density samples should be taken at a fixed anatomical site within the
coronary circulatory system. However, due to (cardiac) motions, this fixed anatomical site
is not represented by the same location in the image throughout the image sequence. This
motion proves to be one of the major challenges in using densitometry to assess coronary
blood flow.

1.4 Approach and goals

The clinical setting demonstrates the need to quantify the physiological severity of coro-
nary stenoses, so as to assess the true impact of the stenoses on the coronary circulation
and on the function of the heart. In this respect, we will focus in particular on (a com-
bination of) flow reserve methods. These methods require the assessment of epicardial
coronary blood flow, as well as of the resulting myocardial perfusion, during a routine
clinical procedure. Measuring these flows and perfusions can be done directly, for exam-
ple using a perivascular electromagnetic flow probe, or an intravascular flow (velocity)
catheter. But since such direct methods are more invasive (requiring surgery or the place-
ment of a catheter in distal segments) and do not yield a general overview of the perfusion
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distribution over the myocardium, we chose to employ an indirect approach using (exter-
nal) cardiac imaging and tracer kinetic theory. X-ray angiography and densitometry will
be used as the imaging modality and the analysis technique, respectively. The evaluation
of flow and perfusion from angiographic image sequences is the main topic of this thesis.

It will be shown that (cardiac) motion is one of the major problems in using angio-
graphic densitometry and tracer kinetics to measure coronary blood flow. The correction
of these motions will therefore get ample attention. The approach is to develop an (auto-
mated) correction algorithm that allows the application of traditional densitometric mea-
surement methods to cardiac images without being impeded by motion artifacts. This will
eventually yield a computerized system to assess the hemodynamic severity of coronary
stenoses, based on enhanced analysis of coronary angiograms.

In the past, similar enhanced angiographic analysis techniques have been proposed,
only very few of which are being used in clinical practice on a routine basis. The most re-
markable example of this observation is that visual inspection of coronary angiograms is
still the current standard to assess the severity of coronary stenoses in routine clinical prac-
tice. Factors that contribute to the discrepancy between the available angiographic analy-
sis methods and clinical practice include the limited applicability of alternative methods
to some patients, a low accuracy and/or sensitivity, a cumbersome and tedious (clinical)
procedure, or inexperience on the part of the operator. So, in theory, there are alternatives
that provide a better measure of stenosis severity than the stenosis geometry does (that
is, they provide physiological severity measures), but their practical implementations is
troublesome in terms of robustness, accuracy, and transparency to the user.

So, the (re-)development of yet another angiographic analysis method will have to im-
prove on these issues, otherwise it is very unlikely it will ever be used in clinical practice.
The goals of this project are therefore augmented with some boundary conditions:

• The methods developed in this research aims at improving the clinical applica-
bility of densitometric coronary flow measurements, for example by introducing
advanced image analysis techniques. As noted before, the (automated) correction
for cardiac motion is a major subject.

• The method relies on a standard clinical procedure, such that physicians do not
have to deviate from their routine in order to apply the analysis method, if required.
The decision whether or not quantification of the stenosis is necessary can be made
post-operatively. This also allows the analysis of images retrieved from an archival
database, acquired maybe years before.

• By using the (semi-)automatic analysis techniques, the accuracy of the method
should improve. The correction of (cardiac) motion plays an important part in
realizing this goal.

To alleviate the unfamiliarity of physicians and researchers with the angiographic deter-
mination of hemodynamic coronary stenoses severity, the backgrounds of the methods are
explained in detail. Also, the most important literature on densitometric coronary blood
flow measurements are reviewed. By modelling the coronary circulation by an electri-
cal circuit, several well known hemodynamic stenosis severity measures are compared to
very specifically show their similarities and differences (Chapter 2).
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1.5 Outline

This thesis is organized as follows. The first four chapters give a highly structured
overview of the basic techniques and the methods to measure coronary blood flow, and to
assess stenosis severity. The goal is to help resolve the confusion and ambiguity that used
to exist regarding the large array of methods. The second part of this thesis, Chapters 6
and 7 present the algorithms that were developed to improve the densitometric assess-
ment of coronary blood flow. By introducing an automated motion correction (image
registration) method, the problem of (cardiac) motion is tackled in particular.

The first chapter after this introduction, Chapter 2, starts by introducing some basic
cardiac anatomy and the physiology of the coronary circulation. After briefly describing
coronary artery disease and the way it progresses, several stenosis severity measures are
introduced. Of those methods, the methods based on coronary flow reserve get most
attention as they are believed to be most suitable to quantitatively assess the physiological
severity of coronary stenoses. Based on a model of the coronary circulatory system, these
flow reserve methods are analyzed and compared. These required flow measurements are
instrumented by applying tracer kinetic theory to angiographic image sequences. This
tracer kinetic theory is the subject of Chapter 3. It will be shown that it provides several
options to assess flow, based on the measurement of amounts or concentrations of an
indicator.

Chapter 4 starts with an overview of the medical imaging modalities that could, in
theory, be used to assess coronary stenosis severity. Also, a detailed account is given of
the basics of coronary angiography, the factors that determine the angiographic image
quality, and the main problems in interpreting the resulting coronary angiograms. The
last part of Chapter 4 explains how indicator concentrations can be determined using
angiography (a technique known as densitometry).

After reading Chapters 3 and 4, the basic theory is available to angiographically assess
coronary blood flow, and thus to assess hemodynamic coronary stenosis severity. Chap-
ter 5 combines this knowledge to describe practical approaches to such measurements. By
analyzing the accuracy of the densitometric flow measurements, it can be concluded that
cardiac motion plays an important part in impeding their reliability. Chapters 6 and 7 will
therefore develop an automated motion correction system, specifically designed to im-
prove and facilitate densitometric coronary flow measurements in clinical practice. Since
the cardiac motions in coronary angiograms can only be established by tracking the image
coordinates of the coronary arteries in time, the first step of this algorithm is the (auto-
mated) delineation of the coronary arteries in the images (Chapter 6) [Schrijver and Slump
2003]. Based on this segmentation, an elaborate motion correction algorithm is described
in Chapter 7 that registers the images of the angiographic image sequence using thin-plate
splines (TPS). After this motion correction, the densitometric flow measurement methods
of Chapter 5 can be employed without being impeded by motion artifacts.

This thesis ends with a chapter presenting the results of the segmentation process, and
of the image registration (or motion correction) algorithms (Chapter 8), followed by the
conclusions and recommendations in Chapter 9.



Chapter 2
THE SEVERITY OF CORONARY

STENOSES

In order to understand the influence of coronary obstructions (stenoses) on the perfusion
and function of the myocardium, it is important to study the anatomy and physiology of
the coronary circulation. This chapter will therefore start with a brief overview of these
issues (Section 2.1), before describing in detail how a stenosis affects the blood flow
through an artery (Section 2.2). Based on the theory developed in these two sections,
the three main types of stenosis severity measures as introduced in Section 1.1.2 can be
assessed more accurately (Section 2.3). Since the flow reserve methods play an important
role in this thesis, Section 2.4 is devoted to its basic technique and its variations. This
chapter ends with a summary and discussion of the theory developed (Section 2.5).

2.1 Cardiovascular anatomy and physiology

The human heart consists of a left- and a righthand side, both operating in a similar
fashion. The right side receives blood from the inferior and superior vena cava (the main
veins returning the blood from the systemic circulation to the heart), and pumps the blood
through the pulmonary arteries to the lungs. After oxygenation in the lungs, the blood
returns through the pulmonary veins to the left side of the heart, which propels it to the
systemic circulation through the aorta. As a result, the two sides of the heart have equal
stroke volumes. However, since the systemic circulation poses a much stronger resistance
to blood flow compared to the pulmonary circulation, the (peak) pressure in the aorta is
much higher than in the pulmonary artery (100–150 mm Hg compared to 10–30 mm Hg).

Each of the two sides of the heart consists of two chambers, the atrium and the ven-
tricle, separated by an atrioventricular valve to prevent regurgitation. The atrium operates
like a buffer, making sure that the ventricle receives a sufficient amount of blood in each
stroke without requiring excessive transient blood flows in the supplying veins during the
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short filling phase. Most of the (physical) work is done by the ventricle, which propels
the blood through another valve into the aorta (or, in the right side of the heart, into the
pulmonary artery). The contraction of the ventricular walls is called the systole; it is
followed by the diastole in which the ventricular walls relax and the ventricles fill with
blood from the atria. The muscle tissue composing the ventricular walls is known as the
myocardium. Due to its higher workload, the left ventricular wall is much thicker than
the right ventricular wall, such that the total mass of the myocardium is dominated by this
left ventricular wall and the musculus interventricular septum (the wall between the left
and right ventricles).

Due to its complex structure, many conditions may affect the overall function of the
heart as a blood pump. They include (congenital) anatomical anomalies (such as septal
defects, cardiomyopathy, or leakage and/or narrowing of the heart valves), inflammation,
arrhythmia, a disrupted metabolite balance, and myocardial perfusion problems. In this
research, we focus solely on the last type of conditions (i.e. a diminished myocardial
perfusion), and in particular on the contribution of the epicardial coronary arteries to this
condition (known as coronary artery disease).

2.1.1 The coronary circulation

The coronary circulation consists of a system of arteries and veins that supply the my-
ocardium with a continuous flow of oxygenated blood. There are two coronary artery
systems, the left coronary artery system (LCA), and the right (RCA), as depicted schemat-
ically in Figure 2.1. The LCA normally consists of the left main coronary artery (LMCA)
which bifurcates into the left anterior descending artery (LAD) and the left circumflex
artery (LCx). The ostia of these two systems are located just above the aortic valve,
such that the recoil of the aorta (immediately after the systolic pulse) helps to propel
the blood into the coronary arteries. The main epicardial arteries are concentrated in the
atrioventricular- and interventricular grooves. They are the roots of an extensive tree of
smaller (intramyocardial) arteries, arterioles, and capillary, common denoted as the per-
fusion bed. Most of the blood leaving the capillary of the left ventricular free wall and of
the interventricular septum is collected by the great cardiac vein and the coronary sinus,
which empties directly into the right atrium. Since the epicardial veins (including the
coronary sinus) are also concentrated in the interventricular and atrioventricular grooves,
the arteries and veins are in very close proximity of each other.

Mechanics of the coronary circulation

The nature of the pulsatile flow in the coronary arteries is different than that of other sys-
temic arteries [Di Mario et al. 1995]. In most systemic arteries, the flow is highest during
systole due to the high pressure, and low during diastole (low pressure). The systemic
veins exhibit basically the same flow fluctuations, except for some delay due to small ca-
pacitative effects of the perfusion beds. In the coronary circulation, however, the phasic
changes in blood flow are dominated by the myocardial compressions. During systole
(i.e. high perfusion pressure), the resistance vessels in the myocardium (consisting of the
distal arteries, arterioles, capillary, venules, and veins [Kirkeeide et al. 1986]) are com-
pressed by the muscle tissue, such that the coronary arterial flow in that period is low.
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Figure 2.1: The global anatomy of some relevant cardiac vessels (frontal views). RCA =
Right Coronary Artery, LAD = Left Anterior Descending Artery, LCx = Left Circumflex
Artery, and LMCA = Left Main Coronary Artery (see also the nomenclature section for a
list of abbreviations).

Most of the perfusion is therefore accomplished during diastole, amplified by the aortic
recoil. In the coronary veins, on the other hand, blood flow is highest during systole, due
to the evacuation of blood from the perfusion bed secondary to the myocardial contrac-
tion. As a result of these particular phasic changes in coronary blood flows, myocardial
perfusion can be impeded at very high heart rates. For, at a high heart rate, the diastole is
too short to allow a sufficient amount of blood to enter the contracting perfusion beds.

Unlike some other organs, the myocardial oxygen extraction is virtually maxi-
mal [Bourdarias 1995; Klocke 1976]. The coronary blood flow is therefore strongly
related to myocardial oxygen uptake, and is relatively independent of other factors like
perfusion pressure and neurohumoral changes (at rest). In resting conditions, the blood
flow is controlled by an autoregulatory system of the so-called resistance vessels of the
myocardium, keeping the blood flow almost constant over a range of aortic pressures
(typically 70–130 mm Hg) [Bourdarias 1995; Hoffman 1984; Klocke et al. 1987]. This
is illustrated in Figure 2.2 by the lower (basal) line. If required, the system increases
the blood flow by decreasing vascular smooth muscle tone, resulting in an expansion of
the resistance vessels (vasodilation) and subsequent decrease in vascular resistance. The
reverse process, in which the resistance vessels are constricted by an increase in smooth
muscle tone, is called vasoconstriction. At the limits of the autoregulatory range, the
vasodilation and vasoconstriction are exhausted, resulting in a constant vascular resis-
tance (represented by straight lines in Figure 2.2 [Bourdarias 1995; Kirkeeide et al. 1986;
Klocke 1987].
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As said, the height of the plateau in the pressure-flow curve (within the autoregulative
range), is dependent on the oxygen consumption at rest. As a result, there is an indirect
dependency on heart rate, myocardial contractility, and ventricular preload (ventricular di-
astolic pressure) through changes in oxygen consumption [Bourdarias 1995]. Since oxy-
gen consumption also rises with increased blood pressure, the pressure-flow curve shows
a slight positive slope in the autoregulatory range (oxygen consumption can be estimated
by the rate-pressure product, heart rate [bpm] times systolic pressure [mm Hg] [Klocke
1983]) [Hoffman 1984]. The total coronary blood flow at rest is about 200 ml/min [Guy-
ton and Hall 1996], such that the flow in the main epicardial arteries (LAD, LCx, or RCA)
can be expected to be between 20 and 80 ml/min (at rest), depending on the measurement
site [Dorsaz et al. 1997]. Note, however, that marked differences in resting blood flows
between individuals and between the several (transmural) perfusion areas exist (in gen-
eral showing higher blood flow in the subendocardial layers compared to the subepicardial
layers of the myocardium) [Bourdarias 1995; Hoffman 1987].

Pa [mm Hg]

F [ml/min]

at rest

minimum resistance
(max exercise)

maximum resistance

Figure 2.2: Relationship between mean aortic pressure Pa and coronary flow F, at rest,
and during maximum vasodilation (minimum resistance).

The induction of maximum vasodilation

To study the coronary circulation in a clinical setting, it is necessary to influence coronary
blood and measure the system’s response. Several methods have been used to increase
coronary blood flow above resting levels, the earliest methods being atrial pacing and
physical exercise (such as isometric handgrip), which increase heart rate and thus increase
myocardial oxygen demand. However, these methods are not suitable in a clinical setting;
they are cumbersome, and they induce only sub-maximum blood flows [David et al. 2000;
Hoffman 1984].

An increase in coronary blood flow can also be accomplished by intravascularly ad-
ministering a vasoactive drug, such as dobutamine, papaverine, adenosine, or dipyri-
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damole [Bengel and Schwaiger 1998; Newby 2000; Orlandi 1996; Wilson and White
1986]. Dobutamine operates a little different than the other three: it increases coro-
nary blood flow by increasing myocardial oxygen consumption through its inotropic and
chronotropic effects (increased heart rate and contractility), whereas the other three sub-
stances mentioned (papaverine, adenosine, and dipyridamole) enhance blood flow without
significantly increasing myocardial oxygen consumption. Dobutamine is therefore mainly
used in echocardiographic examinations of local myocardial contractility (so-called stress
testing, see Section 4.1.4) [Bengel and Schwaiger 1998; Orlandi 1996]. The other va-
sodilative drugs are used to induce a hyperemic state (in which the oxygen supply ex-
ceeds the myocardial oxygen uptake), such that the increased flow is not accompanied
by myocardial ischemia or left ventricular hypokinesia. In order to ensure maximum
vasodilation during the flow measurement, it is important to use a sufficient amount of
vasodilative drug, and to time the measurement accurately with respect to the hyperemic
stimulus [Hoffman 1984].

Another commonly used method to induce hyperemia is to exploit the myocardial
response to a temporary coronary occlusion (of about 20 seconds) [Hoffman 1984; May
et al. 1963]. The oxygen deficiency and the buildup of metabolic waste products caused
by the temporary occlusion is opposed by a marked increase in blood flow after release
of the occlusion (the hyperemic period). After about 30 seconds, the blood flow reaches
its maximum [Hillis and Friesinger 1976; White et al. 1984]. However, since temporary
coronary occlusion is unsuitable for routine clinical practice, this hyperemic response is
normally induced by the injection of an ionic contrast agent (see Section 4.2.3), with
similar results [Gould and Lipscomb 1974; Gould et al. 1974; Hodgson et al. 1985b;
Hoffman 1984; Vogel 1985].

The ability of the coronary vascular system to increase blood flow above resting levels
is known as the vascular reserve [Hoffman 1984]. In healthy subjects, this vascular re-
serve is about 4 to 6 times resting coronary blood flow [Gould et al. 1990; Klocke 1983].
However, many factors influence the maximum achievable blood flow, including coronary
artery disease, ventricular hypertrophy, myocardial infarction, myocardial inflammation,
anemia, hypoxia, etc., and even the type of anesthesia (if any) [Hoffman 1984]. Also,
marked differences between individuals, and between myocardial perfusion areas within
an individual exist, especially between infarcted and healthy perfusion areas, and between
subendo- and subepicardial layers [Hoffman 1987]. The hyperemic stimulus also affects
the maximum blood flow directly, for example by changing heart rate, contractility and
preload. The aortic pressure will generally drop slightly due to hypovolemia, secondary
to the increase in systemic vascular volume [Bourdarias 1995].

Arterial fluid dynamics

Steady (non-pulsatile) flow of a Newtonian (linear and incompressible) fluid through a
straight rigid tube can be described by Poiseuille’s Equation [McDonald et al. 1990]. The
resulting flow is laminar, consisting of fluid layers parallel to the wall, with a parabolic
velocity profile:

v(r) = v0

(
1− r2

R2

)
(2.1)
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with r the radial distance, R the radius of the tube, and v0 the maximum velocity (in
the center of the tube). However, Poiseuille’s equation is, strictly speaking, not valid
in describing (coronary) arterial blood flow. There are several reasons for that (see also
Appendix C.4):

• there is diffusion and mixing between laminae;
• blood is not an ideal Newtonian fluid (i.e. it is certainly not linear);
• the blood flow is not constant, but pulsatile instead;
• the vessel walls are elastic, and will collapse at low blood pressures;

Accurately describing the (dynamic) flow velocity profile of coronary blood flow is very
difficult due to these complicating factors. We will therefore work with a simplified
model, consisting of a steady flow of a Newtonian fluid through a straight and rigid tube
with a (constant) circular cross section. The combined effects of the pulsatile flow, non-
Newtonian fluidic behavior etc. is modelled by an effective flow profile, being determined
empirically [Verhoeven 1985]:

v(r) =
v0

1− 1
3 ln(1− r2/R2)

(2.2)

This profile, with an average velocity of v0/1.27 compared to v0/2.0 for Poiseuille flow,
is consistent with Doppler and densitometric measurements of blood flow (see also Sec-
tions 3.6.1 and 5.1.3) [Verhoeven 1985].

2.1.2 Coronary Artery Disease

Many different conditions can lead to myocardial ischemia (i.e. low perfusion), but coro-
nary artery disease is probably the most well known. In this disease, the deposition of
plaque material and a chronic thickening of the coronary arterial wall (atherosclerosis)
obstructs the blood flow to the myocardium. Such obstructions are called stenoses or
arterial lesions, and are most likely to occur in the large coronary arteries (see also Sec-
tion 1.1) [Frank 1997]. Common symptoms of an ischemic attack are tightness of the
chest, and chest pain irradiating to the left shoulder and arm (angina pectoris).

Stable versus nonstable angina pectoris

It is important to distinguish stable and unstable coronary artery disease. An unstable
arterial lesion does, in general, not influence the coronary blood flow to a level causing
acute ischemic symptoms [Gradus-Pizlo et al. 1999]. However, due to its generally irreg-
ular shape with marked protrusions, it can cause acute myocardial ischemia due to fibrin
cloth formation and plaque rupture (e.g. due to ulceration). This results in unpredictable
events of myocardial ischemia without apparent provocation (e.g. during rest or sleep),
and is therefore referred to as unstable angina pectoris. Although this type of coronary
artery disease is associated with a high risk (especially as it can remain undetected for a
long time), it does not play a significant part in the research of this thesis. We will focus
on the immediate impact of an obstruction on coronary blood flow, and not on the risk
that an unstable arterial lesion may eventually lead to such an obstruction (i.e. by causing
an acute stenosis).
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In stable angina pectoris, on the other hand, the ischemic attacks occur at predictable
frequency and duration after provocation by e.g. exercise, emotional stress, or excitement.
This type of symptoms coincides with the presence of stable coronary plaque: a generally
smooth and stable deposit of plaque material which decreases the lumen of the coronary
artery, and thereby compromises blood flow. If the plaque causes narrowing over the
entire length of an artery, it is referred to as diffuse coronary artery disease, as opposed
to very localized, or focal, disease [Gould 2000]. Necroscopy studies show, however, that
focal narrowing is almost always superimposed on diffuse atheromatous plaques, such
that very localized stenoses of further unaffected arteries are rare [Arnett et al. 1979;
Eusterman et al. 1962; Marcus et al. 1988; Nissen and Gurley 1990].

Diagnosis and treatment

Coronary artery disease is normally diagnosed after the onset of symptoms like chest pain
(angina pectoris). Subsequent evaluation in a hospital commonly involves hemodiagno-
sis, exercise testing, and analysis of the ECG signals [Guyton and Hall 1996; Herrmann
et al. 2001]. By comparing multi-lead ECG signals, the position of the ischemic myocar-
dial area can be assessed. However, it does not allow the distinction of the several possible
causes of ischemia, such as epicardial occlusion, myocardial embolization, or hypertro-
phy (a marked increase in myocardial muscle mass without an accompanying growth of
vascular structures) [Gosse and Clementy 1995]. The most common step towards the
conclusive diagnosis of coronary artery disease is therefore coronary angiography (car-
diac catheterization). By imaging the heart with X-rays while administering a special
contrast agent into the coronary arteries, pathological anomalies and narrowing of the
epicardial vessels are visualized (see also Chapter 4).

The available treatments for coronary artery disease encompasses a wide range of
options, from chronic medication (e.g. anticoagulation medication and lipid-lowering
drugs), to cardiac transplantation. Treatment options that target the arterial lesion more
directly (so called reperfusion or revascularization procedures) include:

• Thrombolytic therapy to dissolve plaque material [The TIMI study group 1985];
• Mechanical removal of plaque material (‘debulking’) by means of intravascular

atherectomy;
• Intraarterial distention of the stenotic vessel segment by Percutaneous Translumi-

nal Coronary Angioplasty (PTCA), also known as a ‘Dotter balloon’ catheteriza-
tion. To prevent recoil of the vessel wall, an intraarterial stent can be deployed
(a wire-mesh ‘tube’ placed inside the vessel lumen). Such a stent can be coated
or be radioactive to prevent the reoccurrence of plaque growth (restenosis, see be-
low) [van der Giessen et al. 1990];

• Bypass grafting, for example arterial or Saphenous Vein bypass Grafting (SVG),
such that the blood flow is diverted around the stenosis.

Where appropriate, these treatment options are combined with (chronic) medication, a
diet, and possibly with (psycho-) therapy to reduce stress or other known provocations
of ischemic attacks. Due to the lack of knowledge concerning the development of the
disease (see Section 1.1.1), no effective and generally applicable means is available to
really stop the development or progression of this disease.
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The success of revascularization

The objective of revascularization procedures is to reinstate blood flow to the endangered
myocardial areas. However, the eventual recovery of local or global cardiac function is de-
pendent on the myocardial tissue, rather than on the epicardial coronary artery flow [Kaul
2000]. There are two important concepts related to this matter: myocardial viability, and
the no-reflow phenomenon. The viability of the myocardium determines the maximum
long-term result of the treatment; if myocardial tissue has been replaced by scar tissue
(secondary to prolonged or multiple episodes of ischemia), the myocardium is not viable,
and will not regain its normal function after revascularization. So, if scar tissue is the
predominant cause for reduced ventricular function, patients will not benefit from revas-
cularization. But even with a viable myocardium, blood flow will, in general, not return to
the expected ‘normal’ values immediately following the revascularization procedure (the
no-reflow phenomenon). There are several mechanisms involved in low blood flow and
regional dysfunction of a viable myocardium [Bengel and Schwaiger 1998; Herrmann
et al. 2001]:

• Stunned myocardium: a continuous myocardial dysfunction (even after reperfu-
sion), secondary to repeated episodes of ischemia [Braunwald and Kloner 1982];

• Hibernating myocardium: myocardial dysfunction due to chronic underperfusion,
continuing after reperfusion.

• Transient myocardial embolization due to athero-thrombotic debris generated dur-
ing the (atherectomy) procedure; and

• The release of vasoactive substances by the stenotic vessel wall upon the exertion
of mechanical stresses.

• Redistribution of blood flow, for example through collateral vessels (see Sec-
tion 2.2.2) [Klocke 1983].

As a result of these no-reflow phenomena, the effect of revascularization on cardiac func-
tion can only be objectively determined after hours or days following the procedure.

Another problem with the assessment of the clinical outcome of a revascularization
procedure is the reoccurrence of atherosclerosis, reversing the revascularization within
months (occurring in 14 to 44 percent of all interventions [Beatt and Serruys 1990; Frank
1997]). The mechanisms responsible for this restenosis are not well understood, but the
irregularity of the interior arterial wall due to distention or due to the atherectomy, and
the wall shear stresses caused by the resulting blood flow turbulence, are believed to be
contributing factors [Gijsen 1998; Pijls and de Bruyne 1997; Rutten 1998; Topol and
Nissen 1995]. As a result, the disease tends to concentrate at traumatized intravascular
areas, like the atherectomy site, the stent, or the suture sites of the bypass graft.

In conclusion, assessing the outcome of a revascularization procedure is difficult be-
cause of the influence of myocardial viability, the no-reflow phenomenon, flow redistri-
bution, and the likely occurrence of restenosis.

2.2 Hemodynamic effect of epicardial stenoses

The impact of an arterial narrowing on the blood flow through the affected coronary artery
has been studied extensively in the past [Gould et al. 1982; Gould and Lipscomb 1974;
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Kirkeeide et al. 1986; May et al. 1963; Young et al. 1975; Young and Tsai 1973a,b].
In theory, the impact can be calculated using standard fluid dynamics, incorporating the
stenosis dimensions (diameter, length, etc.), as well as the regularity of the plaque sur-
face [Brown et al. 1977; Klocke 1983; May et al. 1963]. It can provide a useful indication
of the vascular resistance of the stenosis to blood flow, despite the violation of the model
assumptions by the non-Newtonian behavior of blood, the elasticity of the vessel wall, the
pulsatile nature of the flow, and turbulence and streaming effects. However, blood flow
through the (epicardial) arteries is not only a function of the epicardial vascular resistance,
but also of the myocardial perfusion bed. As a result, the relationship between coronary
blood flow, the geometry of the stenosis, and its ‘severity’ (in terms of e.g. the resulting
myocardial performance), is more complex than just a fluid-dynamical equation.

2.2.1 A simple flow model

In order to study the influence of an arterial narrowing on the flow through that artery, it
is useful to introduce two techniques from electrical circuit analysis: Thévenin equiva-
lents and source-load curves (see Kirkeeide et al. [1986] for a similar approach). In the
electrical domain, consider a direct current (DC) power supply, consisting of a number
of ideal (possibly regulated) voltage- and/or current sources and pure resistors (hence, no
capacitors or inductors). According to the theorem by Thévenin, such a circuit of linear
components can be replaced by a simple equivalent, consisting of an ideal voltage source
Uth, and a resistor in series, Rth, as depicted in Figure 2.3(a) [Nilsson 1993]. No matter
how complex the original power supply is, as long as it contains only (ideal) linear com-
ponents, its DC behavior at the output terminals will be exactly equal to this so-called
Thévenin equivalent.
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(a) The Thévenin equivalent of an
electrical resistive circuit, with an ex-
ternal (resistive) load RL.

iL

UL

imax

Uth

source curve resistor

CE-junction

(b) The resulting source curve (imax = Uth/Rth),
and the load curves of an ideal resistor, and the
collector-emitter junction of a bipolar transistor.

Figure 2.3: The concept of a Thévenin equivalent electrical circuit to determine the out-
put voltage and current of a non-ideal power supply as the intersection point of the source-
and the load curves.
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Using this Thévenin equivalent, the behavior of the power supply (or of any other elec-
trical circuit consisting of ideal sources and resistors) at its terminals is fully described by
a single (linear) equation, relating the output current iL to the output voltage UL (shown
in Figure 2.3(b)). So, by determining the open terminal voltage (Uth) and the short circuit
current (imax = Uth/Rth), the behavior of this linear power supply (or any other similar
circuit) is fully known. With a nonlinear system, the situation is slightly different, but it is
still possible to determine characteristic source- and load curves, such that their intersec-
tion defines the voltage and current occurring in case that source and load are connected.
This is illustrated in Figure 2.3(b) by the intersection point of the source curve with the
non-linear load curve of a bipolar transistor.

Modelling the hemodynamic system

Since the hemodynamic system adheres to some general conditions (such as being time
invariant and having no memory, such that the perfusion pressure at time t is a function of
the flow at time t only), the concept of Thévenin equivalent circuits and source-load curves
can be used. There are two systems involved: the cardiovascular subsystem supplying
the myocardium (i.e. the heart, and the epicardial coronary arteries and veins), and the
myocardial perfusion bed as its load. The characteristic curve of this ‘load’ is very similar
to the one depicted in Figure 2.2, the only difference being that the basal curve is more
level in its autoregulatory range. For, the load curve relates the perfusion pressure Pd

to the flow, whereas Figure 2.2 uses the mean aortic pressure Pa. And an increase in
perfusion pressure is associated with an increase in blood supply through the epicardial
arteries, and not necessarily with an increase in myocardial oxygen consumption.
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(a) Definition of pressures and flows.

+

-

+

-

Pa−Pv

Rs +Repi

Rmyo

F

Pd

(b) The corresponding electrical cir-
cuit, based on the Thévenin equiva-
lent of the physical system.

Figure 2.4: The myocardial circulation modelled as an equivalent electrical circuit. Nor-
mally, the resistance Repi, which models the internal resistance of the heart and epicardial
vessels, is small compared to the stenosis resistance Rs. Pa denotes aortic pressure, Pd

perfusion pressure (distal to the stenosis), and Pv venous pressure.

The pressure source as used in this model, can be further divided into an ideal source
(the heart) and the internal resistance of the heart and the large (epicardial) arteries prox-
imal to the stenosis. The heart and the aortic root form an almost perfect constant pres-
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sure source, delivering a pressure equal to the arterial-venous pressure difference Pa −Pv.
Since the coronary flow is only a small fraction of the total cardiac output, an increase in
coronary blood flow has no noticeable influence on mean aortic pressure. However, since
the induction of maximum coronary blood flow by intravenously infusing a vasoactive
drug causes a decreased resistance of the total systemic circulation, the pressure will drop
slightly with increases in (coronary) blood flow. This is modelled by a resistance Repi in
series with the ideal voltage (pressure) source (see Figure 2.4(b)).

Note that, theoretically, myocardial blood flow would cease if the perfusion pressure,
Pd, drops below the venous pressure Pv. However, in practice, the blood flow already stops
at a slightly higher pressure, called the no-flow pressure PF=0 [Klocke 1983; Klocke et al.
1987]. It is thought to be caused by vessel collapse at very low perfusion pressures,
causing a sudden increase in vascular resistance [Klocke 1983; Klocke et al. 1987]. In
this thesis, the difference between the venous pressure Pv and the no-flow pressure PF=0

is not taken into account.
In the presence of a stenosis, the total Thévenin internal resistance Rs + Repi is dom-

inated by Rs. According to several investigators, the (nonlinear) resistance of an arterial
narrowing can be calculated as:

∆P = αF +βF2 ⇒ R =
∆P
F

= α +βF (2.3)

using classical fluid dynamical theory [Young et al. 1975; Young and Tsai 1973a,b]. The
factors α and β represent the geometry of the narrowing, and on the properties of the
fluid [Brown et al. 1977; Gould et al. 1982; Kirkeeide 1991; Kirkeeide et al. 1986; Klocke
1983; May et al. 1963]. The first term corresponds to the loss of energy by viscous flow ef-
fects, such as due to the sudden reduction in luminal cross sectional area (contraction and
acceleration) and due to the flow through the narrowed segment itself. The second term
corresponds to turbulence effects as caused by separation of the flow from the streamline
at the distal end of the narrowing (expansion and deceleration) [Klocke 1983].

Several expressions for α and β have been derived in literature, which all yield similar
results [Gould et al. 1982; Kirkeeide 1991; May et al. 1963]. We use the expressions given
by May et al. [1963] to give an impressions of the pressure drop ∆Ps (in [Pa]) across a
stenosis with length Ls:

∆Ps =
8µLs

R2
0

v0

(
A0

As

)2

+
4.8µ
R0

v0

(
A0
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)3/2

+ρv2
0

(
A0

As

)2

(2.4)

in which µ is the viscosity of the blood (assumed to be about 5 [mPa·s] ≈ 38 · 10−6

[mm Hg·s] ), and ρ its density of approximately 1 [g/ml]. The symbol R0 denotes the
radius of the non-stenotic vessel lumen, and A0 the corresponding cross sectional area.
The cross sectional lumen area of the stenosis is denoted by As, and the (mean) blood
flow velocity in the non-stenotic part of the vessel by v0 = F/A0. Figure 2.5 shows
the resulting relationship between flow F , pressure drop ∆Ps, and the ‘stenosis severity’,
defined as the percentage reduction in cross sectional lumen area:

% area stenosis =
(

1− As

A0

)
·100% (2.5)
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From Figure 2.5(b), it can be concluded that the pressure drop across a stenosis is negli-
gible with respect to aortic pressure (about 100 mm Hg) if the reduction in lumen cross
section is less than say 75 percent, even at high flows.
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Figure 2.5: Simulation results of a fluid mechanical analysis of arterial stenosis, based
on Equation 2.4. Circular cross sections are assumed, with R0 = 2 mm, and a stenosis
length of Ls = 10 mm.

Perfusion pressure in the presence of stenoses

At this point, we have described both the load curve of the myocardium, and the source
curve of the cardiovascular system, in the presence of a stenosis. Combining these two
curves in a plot like Figure 2.3(b) results in Figure 2.6 [Kirkeeide et al. 1986]. It shows
that, in the presence of an epicardial arterial stenosis, the myocardial perfusion pres-
sure Pd is lower than the aortic pressure Pa, resulting in a lower maximum blood flow
(during maximum vasodilation). Using this concept, it is easily appreciated that resting
blood flow remains unaffected (i.e. the perfusion pressure stays within its autoregulatory
range) with stenoses up to 80 percent area reduction (see also Figure 2.5) [Gould et al.
1974; Hillis and Friesinger 1976; Marcus et al. 1988; May et al. 1963; Vogel 1985]. This
threshold is almost independent of resting blood flow, due to the steepness of the curves
in Figure 2.5(b) at low flows, and due to the compensation for the pressure drop by the
autoregulatory system.

Quantifying the impact of a stenosis on maximum blood flow is much harder; the
relationship between stenosis area reduction and pressure drop (and thus of perfusion
pressure) is not as steep at high flows, and maximum blood flow is linearly related to
the perfusion pressure [Gould et al. 1974; Hoffman 1987]. As a result, small changes
in stenosis morphology as caused by e.g. changes in vasomotor tone or by coronary
spasms [Jost et al. 1990; Kirkeeide et al. 1986], have a large impact on maximum blood
flow through the stenosis, especially in ‘critical’ stenoses [Klocke 1983].
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Figure 2.6: The source-load curves of myocardial blood flow in the presence of an epi-
cardial coronary stenosis.

Since resting blood flow is almost unaffected by mild stenoses, such stenoses have
a dampening effect on the phasic changes in coronary blood flow. The normally high
diastolic blood flow is impaired, while the low systolic blood flow remains, resulting in
lower amplitude of the oscillation during the cardiac cycle distal to such stenoses [May
et al. 1963].

2.2.2 The effect of vascular remodelling

During the development of coronary artery disease, several natural processes occur to
counteract the impairment of coronary blood flow by the stenosis. One of these effects
is compensatory enlargement, a chronic remodelling of the vascular wall to compensate
for its progressive thickening [Gradus-Pizlo et al. 1999; Stiel et al. 1989]. As a result of
this effect, the diameter of the stenotic vessel wall can be much larger than the diameter
of that same vessel before the onset of the disease. So, in practice, it may be necessary
to estimate the cross sectional area A0 based on the arterial dimensions just proximal and
distal of the (focal) stenosis. However, since focal stenoses are normally accompanied
by diffuse disease, these estimates can be expected to be inaccurate [Marcus et al. 1988;
Topol and Nissen 1995].

Another effect is the development of collateral flow. In the presence of a (severe)
stenosis, small neighboring vessels have the tendency to enlarge their capacities and take
over the function of the obstructed vessel (collateral recruitment) [Hillis and Friesinger
1976; Kirkeeide et al. 1986]. If low perfusion of certain myocardial areas sustains, com-
pletely new vessel will develop as well, in a process known as angiogenesis [Guyton and
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Hall 1996]. In order to incorporate the influence of this collateral circulation on the as-
sessment of stenosis severity, a more complex flow model is required, consisting of two
myocardial perfusion areas (see Figure 2.7).
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Figure 2.7: A myocardial circulation model with collateral flow (compare to Figure 2.4).
It is assumed that Repi � Rs, and that the myocardial resistances Rmyo are the only resis-
tances susceptible to a vasodilative stimulus.

By collateral recruitment and angiogenesis, the myocardial perfusion area endangered
by the coronary stenosis (area 1) is protected from a complete loss of perfusion. During
resting conditions, the extra blood supply from neighboring perfusion areas helps to de-
liver a sufficient amount of oxygen to the endangered area. It results in a marked differ-
ence between the epicardial coronary blood flow through the stenosis (Fs), and the total
perfusion of the corresponding perfusion bed (Fmyo,1). Also, the blood flow in the neigh-
boring epicardial vessels will be higher than can be expected based on the size of the
perfusion area they primarily service. As a result, the pressure drop across the epicardial
resistance Repi (see Figure 2.7(b)) will increase, such that the perfusion bed Rmyo,2 has to
use part of its vasodilation capacity to compensate for the diminished perfusion pressure
(Pcoll).

By inducing maximum vasodilation of both perfusion beds, the situation changes.
Since the endangered perfusion bed Rmyo,1 already dissipated its vasodilation capacity to
sustain resting blood flow, its total vascular resistance will not be decreased to a large
extent. The vascular resistance of the neighboring perfusion area Rmyo,2 on the other
hand, will decrease to about 20 or 25 percent of its resting value (assuming the effect of
a slightly lower perfusion pressure Pcoll secondary to the collateral flow at rest is small).
As a result, the pressure driving the blood through the collateral vessels (Pcoll −Pd) will
decrease. In cases in which the collateral flow has its origin in the more distal parts of
the coronary arterial tree (i.e. Repi includes also the smaller distal branches), this pressure
drop can cause a decrease in blood flow to the endangered myocardial perfusion area,
compared to the basal blood flow. This effect is termed coronary steal [Kirkeeide et al.
1986].

Based on this collateral flow model, other common phenomena observed with severe
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coronary artery disease can be explained as well. The most obvious one is the retrograde
filling of the arterial segments distal to a very severe coronary stenosis (as observed with
coronary angiography). But more important is the natural ‘coronary bypass’ mechanism
provided by collateral flow. It explains the lack of ischemic symptoms in some patients
with a history of coronary artery disease, and the sometimes disappointingly small clin-
ical improvements obtained after revascularization procedures. It can therefore be con-
cluded that in assessing the physiologic severity of coronary stenoses, collateral flow is
of paramount importance. Not only does it affect the flow through the stenosis and the
perfusion of the corresponding myocardial perfusion area, but also that of the neighboring
vascular system.

2.3 Types of severity measures

In Section 1.1.2, the several ways of defining the severity of coronary stenoses was divided
into three main categories: stenosis geometry and plaque composition, cardiac function,
and vessel function (flow and perfusion). Based on the discussion of the previous section
(Section 2.2, the advantages and disadvantages of these three categories can be studied
more closely.

2.3.1 Stenosis geometry and plaque composition

For decades, the severity of a coronary stenosis has been defined by the geometri-
cal dimensions of that stenosis, as determined by (quantitative) coronary angiography
(see Chapter 4). Although the problems with such methods have been recognized for
years [Topol and Nissen 1995], only the last couple of years it seems to lose its “golden
standard” position, except for describing the true mechanical severity of an artificial ob-
struction in animal studies. Apart from the technical problems associated with angio-
graphic determination of stenosis dimensions (see Section 4.4), the relationship between
stenosis geometry and the functional severity of that stenosis (in terms of perfusion and
myocardial function) is very complex, as explained in detail in Section 2.2. But, by tak-
ing all the geometrical stenosis properties into account, a measure can be obtained of the
stenosis severity in assumed physiological conditions, based on the fluid dynamics equa-
tions used in Section 2.2.1 [Gould et al. 1990]. Since that approach uses the coronary
flow reserve, its treatment is postponed to Section 2.4.

The simplest approach in assessing stenosis severity by its geometrical properties is
to define this severity as the reduction in diameter (in percent) [Gould et al. 1974]:

% diameter stenosis =
(

1− 2Rs

2R0

)
·100% (2.6)

in which 2Rs denotes the lumen diameter at the site of the stenosis, and 2R0 the reference
diameter of the unaffected artery. In order to deal with irregularly shaped lumen cross
sections (rendering its ‘diameter’ ambiguous), a similar measure can be defined using the
cross sectional area A instead of diameters 2R, as in Equation 2.5. However, in clinical
practice it is very hard to measure cross sectional areas directly, as will be shown in
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Chapter 4. So, in practice, the lumen diameter is used in both definitions, making them
practically equivalent:

% area stenosis =
(

1− πR2
s

πR2
0

)
·100%

=

(
1−

(
1− % diameter stenosis

100%

)2
)
·100%

(2.7)

Using these measures in clinical practice requires the assessment of a reference diameter
R0. As argued in Section 2.2.2, compensatory enlargement and diffuse thickening of the
arterial wall prohibit an accurate assessment of this reference diameter [Zir et al. 1976].
Other possible influences on its accuracy are vessel collapse due to reduced intravascu-
lar pressure distal to a severe stenosis, and local out-pouching of the vessel wall at the
injection site. It was therefore proposed to use the absolute minimum cross sectional lu-
men area As is a measure of stenosis severity [Harrison et al. 1984; White et al. 1984].
Although this approach yielded good results in a controlled research environment, vari-
ations in cross sectional areas between individuals, between arteries, and even between
different segments of the same artery (i.e. proximal versus distal segments) impair this
approach [Vogel 1988].

From clinical studies, a 50% reduction in diameter (or a 75% reduction in cross sec-
tional area) is a common threshold for a so-called critical stenosis [Gould et al. 1974;
Topol and Nissen 1995]. However, the correlation of these measures with the physiolog-
ical severity of the stenosis is low, especially in the presence of a collateral circulation,
multiple sub-critical stenoses, and an irregular surface of the interior arterial wall (e.g.
after atherectomy or other intravascular intervention) [Marcus et al. 1988, 1986; Topol
and Nissen 1995; Vogel 1988; Wilson 1996].

A completely other approach is to use the plaque composition to define the severity of
a stenosis. Examples are the Coronary Calcium Index (CCI) to distinguish fibrous from
calcified plaques, and thermography (see Section 4.1.7) to detect the activity of an arterial
lesion [Frank 1997; Gradus-Pizlo et al. 1999; Kern 2000]. However, such methods do not
measure the influence of the stenosis on blood flow, and are very hard to quantify. They
will therefore be disregarded.

2.3.2 Cardiac function

Cardiac function can be used as an indirect measure of stenosis severity; if the perfu-
sion of the myocardium is impaired, so is myocardial contractility and (global) cardiac
function [Klocke 1983]. If myocardial muscle tissue is replaced by scar tissue secondary
to myocardial infarction, this area will not contribute to the ventricular contraction, and
its compliance can even cause bulging during contraction. As a result, the volume of
blood being propelled into the aorta is diminished, which can be measured and quantified
relatively easily. Examples of quantitative measures using this approach are the stroke
volume Vstroke (defined as the difference between the end-diastolic and end-systolic ven-
tricular volumes Vdiast −Vsyst), the cardiac output (CO) defined as stroke volume times
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heart rate, and the ejection fraction EF:

EF =
Vstroke

Vdiast
=

Vdiast −Vsyst

Vdiast
(2.8)

which is independent on body weight of the patient. However, these measures of global
myocardial performance are not very sensitive, and do not allow the localization of the
myocardial area at risk. In order to be more specific, a local measure of ventricular func-
tion should be used, such as the local myocardial stress and strain, and ventricular wall
thickening during systole (as a measure of myocyte shortening).

Unfortunately, cardiac function (either global or local) is not specific and not sensitive
to coronary artery disease (see Section 1.1.2). Also, quantifying local ventricular function
is difficult; they are therefore mostly applied qualitatively, e.g. to assess hypokinesia of
the ventricular wall. Despite its disadvantages in quantifying the severity of individual
stenoses, it is a very powerful prognostic indicator for the condition of the myocardium
and its circulation; it incorporates many of the important factors, like myocardial viability
and collateral flow, into a single functional measure [Feigenbaum 1998].

2.3.3 Vessel function: flow and perfusion

In contrast to the stenosis geometry based methods, blood flow measures try to assess
directly the influence of a stenosis on the coronary circulation. The rationale is that in
patients with an epicardial stenoses, the regional myocardial blood flow is not only de-
termined by the arteriolar auto-regulation system of the perfused cardiovascular bed, but
also by that epicardial stenosis [Bourdarias 1995]. Due to the little influence of mild
stenoses on resting coronary blood flow, it is essential to induce maximum blood flow to
obtain sufficient sensitivity. Hence, all practical methods measure, in some way or an-
other, hyperemic blood flow. But since the absolute hyperemic blood flow is subject to
many physiological influences like heart rate and aortic pressure (see Section 2.2.1), the
absolute hyperemic blood must be related to some other quantity, such as resting blood
flow. This way, a measure can be devised that is dependent only on stenosis severity, and
not on the other contributing factors (in theory).

In defining flow-related stenosis severity measures, it is important to distinguish epi-
cardial blood flow from the resulting myocardial perfusion. As demonstrated in Sec-
tion 2.2.2, the development of a collateral circulation causes a marked difference between
the blood flow through an epicardial stenosis, and the perfusion of the corresponding per-
fusion area. So, in general, we not only have to decide which of the many flow-related
severity measures to use, but also whether we are interested in epicardial blood flow,
or in myocardial perfusion. The best choice depends on the clinical application (see Fig-
ure 1.1): in order to select the culprit stenosis amongst many other stenoses (for example),
the epicardial blood flow methods are more suited. On the other hand, methods related
to myocardial perfusion are probably more suitable for assessing the risk of myocardial
damage secondary to the collection of all coronary stenoses. Most of the methods that will
be discussed in this section can be used for both purposes, depending on the anatomical
measurement site (i.e. measuring epicardial arterial flow or myocardial perfusion).

The most well known variations of flow-related stenosis severity measures are:
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• Absolute maximum blood flow capacity. As noted before, the absolute coronary
blood flow is dependent on many physiologic factors like heart rate, contractility,
ventricular preload, and aortic pressure, thereby impeding its feasibility.

• Application of the continuity equation, in which basically the stenosis cross-
sectional area is determined by measuring the acceleration of the blood through the
narrowing [Di Mario et al. 1995]. It is therefore a measure of stenosis geometry,
and does not provide a physiological measure of stenosis severity.

• Diastolic to systolic velocity ratio, which is diminished in the presence of a stenosis
due to the dampening effect (diastolic blood flow is affected more by the stenosis
than systolic blood flow is, see Section 2.1.1) [Di Mario et al. 1995]. The applica-
tion of this method is limited by a cumbersome and technically difficult procedure
to measure phasic blood flow changes.

• Instantaneous hyperemic diastolic flow pressure slope index (IHDFPS) as intro-
duced by Mancini et al. to overcome some of the limitations of CFR [Di Mario
et al. 1995]. This measure of the total vascular resistance during diastole is shown
to be independent of changes in heart rate, preload, aortic pressure, contractility.
This method is also impeded by technical difficulties in measuring phasic blood
flow changes. Furthermore, the vascular resistance and capacitance effects of the
myocardium influence the outcome.

• To overcome the influence of the myocardial vasculature on the IDHFPS, the steno-
sis resistance method uses the transstenotic pressure gradient to account for steno-
sis severity only [Di Mario et al. 1995]. Unfortunately, the implementation still
requires the assessment of rapid changes in blood flow.

• A more heuristic method was proposed by The TIMI study group [1985], using a
visual assessment of the propagation of contrast material through the stenotic artery
in routine coronary angiographic image sequences. Four coarse grades of stenosis
severity are discerned [The TIMI study group 1985]:

Grade 0 No antegrade flow, no perfusion;

Grade 1 Antegrade flow but no opacification of the perfusion bed;

Grade 2 Partial perfusion;

Grade 3 Complete perfusion.

Due to inherent observer variabilities, this method is only used qualitatively.
• To improve on the discrete TIMI grades of stenosis severity, Gibson et al. [1996]

introduced the TIMI frame count, measuring the number of angiographic frames
(images) required for the contrast bolus to reach a distal landmark point in the an-
giogram. Since a fixed frame rate is assumed (30 frames per second), the TIMI
frame count is a measure of the flow velocity (e.g. in [m/s]) through the stenosis.
The method was subsequently improved upon by introducing a correction factor
to account for differences in length and ‘normal’ blood flow velocities in the LAD
compared to the LCx and RCA arteries (the LAD being 1.7 times slower). This
resulted in the Corrected TIMI Frame Count, or CTFC [Gibson et al. 1996; White
1996]. Whereas the (corrected or uncorrected) TIMI frame count can be readily ap-
plied in clinical practice due to its simple implementation (merely counting frames),
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its accuracy is limited by many factors like collateral flow, dynamic changes in vas-
cular cross sections, compensatory enlargement, etc.

• A large group of flow-related stenosis severity methods can be summarized as being
flow reserve methods. These methods measure the capacity of the vascular system
to increase blood flow above resting levels in the presence of a stenosis [Kirkeeide
et al. 1986].

Due to their pivotal role in this thesis, the flow reserve methods will be discussed in a
separate section.

2.4 Flow reserve methods

As noted before, the flow reserve is defined as the capacity of the coronary artery and
the corresponding vascular bed to achieve maximum flow in response to a hyperemic
stimulus, under existing hemodynamic conditions [Kern 2000]. However, this ‘capacity’
can be expressed in many different ways, for example as the maximum hyperemic blood
flow F(h) relative to the resting (basal) blood flow F(0) [Bourdarias 1995; Nitenberg and
Antony 1995]. Depending on the exact definition of the flow reserve, influences of physi-
ological conditions like the heart rate and aortic blood pressure can be suppressed. In their
search towards an optimal expression of flow reserve (i.e. a measure that is dependent on
stenosis severity only), investigators formulated more than ten different variations of flow
reserve [Klocke et al. 1987]. We will investigate some common definitions of flow re-
serve to show their similarities, but above all, to show in which cases they fail to provide
a reliable representation of stenosis severity.

Most of the different definitions of flow reserve that will be discussed below, have two
variations. One variation uses (epicardial) coronary blood flows, resulting in the coronary
flow reserve, and the other uses local myocardial perfusion to arrive at the myocardial flow
reserve. Due to a possible collateral circulation, the two variations do not necessarily yield
the same numerical value (Section 2.2.2). It is important to distinguish these variations as
they provide a way to assess the contribution of the collateral circulation to myocardial
perfusion.

2.4.1 Absolute flow reserve (CFR)

The most straightforward definition of flow reserve is known as the Coronary Flow Re-
serve (CFR) [Gould et al. 1990; Gould and Lipscomb 1974]:

CFR
def=

F(h)

F(0) (2.9)

in which the superscripts (h) and (0) denote mean hyperemic blood flow (during maximal
arteriolar vasodilation) and mean resting blood flow, respectively. In (healthy) human vol-
unteers, the value of CFR ranges from 2.4 to 6.2, but a value between 4 and 5 is generally
considered ‘normal’ [Nissen and Gurley 1991; Schelbert et al. 1982]. In Section 2.2.1,
it was shown how an epicardial stenosis decreases the maximum blood flow through that
artery, such that the value of CFR would decrease in the presence of such a stenosis. It
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is shown in several clinical validation studies that a value between CFR = 1.7 and 2.0
distinguishes physiological significant stenoses from the non-significant ones.

The coronary flow reserve can also be expressed as the ratio of blood flow velocities
during hyperemic and basal conditions. Whereas these flow velocities are generally easier
to measure (e.g. by Doppler flow catheters), the interpretation of the outcome is ambigu-
ous. Dynamic changes in arterial cross sectional areas, as well as the non-uniform cross
sectional flow profiles in the coronary arteries can cause gross inaccuracies [Kirkeeide
et al. 1986; Klocke 1983]. We therefore limit our discussion to volumetric flow reserve
methods.

Despite the name of the measure (i.e. coronary flow reserve), the CFR can be used
to quantify the myocardial flow reserve as well [Kirkeeide et al. 1986]. In literature, this
distinction between the coronary- and myocardial versions of CFR is normally omitted;
only by studying the measurement protocol the two versions can be separated. In fact,
in some cases it proves very difficult to discern whether the (epicardial) coronary blood
flow is being determined, or the myocardial perfusion, as will be shown in Chapter 5
(Section 5.1).

Unfortunately, coronary stenosis is not the only possible contributor to a diminished
maximum coronary blood flow (or myocardial perfusion). Other factors that decrease
maximum hyperemic blood flow as well include [Gould et al. 1990; Hoffman 1984; Mar-
cus et al. 1988; Vassalli and Hess 1998]:

• microvascular dysfunction (small vessel disease), limiting the vasodilative capacity
of the resistance vessels (resulting in a smaller slope of the hyperemic pressure-flow
curve of the myocardium in Figure 2.6);

• polycythemia, which increases the blood viscosity;
• tachycardia, shortening the diastolic period in which blood flow can enter the my-

ocardium;
• prior infarction, resulting in scar tissue that does not respond to the hyperemic

stimulus;
• increased vasomotor tone induced by neurohumoral influences;
• hypertrophy, which causes the maximum blood flow per 100g of myocardial tissue

([ml/min/100g]) to decrease (not the absolute blood flow in ml/min);
• decreased aortic pressure, e.g. caused by the vasodilatory stimulus (see Sec-

tion 2.1.1).

Since the absolute flow reserve is also dependent on the resting (basal) coronary blood
flow F(0), the myocardial oxygen consumption at rest influences the outcome of the CFR
measure as well. The physiological conditions altering the myocardial metabolic demand
(at rest) include [Gould et al. 1990; Hoffman 1984; Marcus et al. 1988; Vassalli and Hess
1998]:

• ventricular preload (i.e. the end-diastolic interventricular pressure), which defines
the length of the myocytes prior to contraction and the force required to contract;

• heart rate;
• myocardial contractility, influencing the peak aortic blood pressure;
• hypertension, resulting in a higher workload of the left ventricle;
• valvular disease: regurgitation limits the stroke volume and valvular stenosis in-
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creases the force required to propel the blood into the aorta;
• hypertrophy, causing an elevated resting blood (in [ml/min]) due to the disrupted

balance between myocardial tissue and micro-vessels. It does not, however, affect
resting blood flow per 100g of myocardial tissue;

• anemia, such that a higher flow is required to supply the same amount of oxygen;
• vasomotor tone due to neurohumoral changes.

In order to control these influences on the absolute coronary flow reserve, the anamnesis
and general condition of the patient should be studied carefully to rule out influences of
small vessel disease, hypertrophy, hypertension, valvular disease, anemia, prior infarc-
tion, etc. Also, during the experiment, physiological quantities like heart rate and phasic
aortic blood pressure should be monitored in order to ensure similar physiological condi-
tions during both measurements (basal and hyperemic). The resulting value of CFR will
be valid only under those maintained conditions, which obviously impedes the accuracy
of the CFR in quantifying stenosis severity (which should be independent of physiological
variations).

2.4.2 Relative flow reserve (RCFR)

In order to alleviate the dependency of the absolute CFR on resting blood flow, aortic
pressure, and differences between individuals, it is useful to compare the CFR readings
of multiple coronary arteries (or perfusion beds) of the same individual, under the same
physiological conditions. So, by simultaneously measuring the flows F1

(0) and F2
(0), and

the flows F1
(h) and F2

(h), the coronary flow reserves CFR1 and CFR2 will both be subject
to the same influences of the physiological condition [Schrijver et al. 1999a]. Using this
concept, the relative coronary flow reserve (RCFR) is defined as [Gould et al. 1990]:

RCFR
def=

CFR1

CFR2
=

F1
(h)

F2
(h)

F2
(0)

F1
(0) (2.10)

It is to be expected that two healthy arteries (or perfusion areas) of one patient exhibit
similar absolute flow reserves [Bourdarias 1995; Ofili et al. 1993a,b]. So, any deviation of
the RCFR from unity indicates the presence of a diminished flow reserve in one of the two
arteries or perfusion areas. The threshold for the RCFR to distinguish between clinically
relevant and clinically irrelevant stenoses will have to be determined experimentally, but a
comparison of the RCFR with other flow reserve measures (and their thresholds) reveals
that values of 0.75 and 1.33 are realistic thresholds (Appendix B.3 compares the RCFR
to the FFR of Section 2.4.3). Unfortunately, if the value of RCFR is close to unity, no
conclusion can be drawn related to the presence or absence of coronary stenoses.

The RCFR is very useful in investigating the cause of a diminished absolute coro-
nary flow reserve. If, for example, the low CFR value is caused by prior infarction, the
RCFR will show a marked deviation from its nominal value of 1.0. The RCFR is mostly
used in conjunction with nuclear imaging (Section 4.1.5), and with X-ray non-quantitative
parametric imaging (Section 5.1.1). By using the RCFR in densitometric blood flow mea-
surements, the influence of changes in vascular volumes during the measurement(s) is
suppressed (as explained in Section 5.1.2) [Schrijver et al. 1999a, 2001].
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Figure 2.8: The principle of the pressure gradient method to determine myocardial and
coronary fractional flow reserves (modified from Pijls et al. [1993]).

2.4.3 Fractional flow reserve (FFR)

In the previous section (on the RCFR), the flow reserve of the artery or perfusion bed
of interest is compared to the flow reserve of a reference vessel or perfusion bed. In the
absence of a suitable reference vessel or perfusion bed, it may be more useful to compare
the flow reserve CFR (or the maximum flow F(h)) to the theoretical flow reserve CFR(∗)
(or maximum flow F(h∗)) in case the vessel were not blocked. This is known as the
Fractional Flow Reserve [Pijls et al. 1995]:

FFR
def=

CFR

CFR(∗) =
F(h)/F(0)

F(h∗)/F(0∗) =
F(h)

F(h∗) (2.11)

(because the basal blood flow is relatively unaffected by the presence of the stenosis,
F(0∗) ≈F(0), see Section 2.2.1). Normally, the maximum blood flow F(h) can be measured
during maximal arteriolar vasodilation. The challenge is to obtain a good estimate of the
theoretical maximum blood flow F(h∗), based on measurable physiological quantities, and
under the same physiological conditions as for F(h).

Pijls et al. [1993] have developed a convenient method to determine the fractional
flow reserve, using intraarterial and transstenotic pressure measurements. This technique,
based on initial work by Gould and colleagues [Gould et al. 1990; Kirkeeide et al. 1986],
has only become applicable since the introduction of ultra thin pressure monitoring guide
wires that have little or no influence on blood flow, even with very severe stenoses [Poullis
1999]. As derived in Appendix B, the myocardial fractional flow reserve (FFRmyo) can
be determined as [Pijls and de Bruyne 1998; Pijls et al. 1993]:

FFRmyo
def=

F(h)

F(h∗) =
Pd −Pv

Pa −Pv
≈ Pd

Pa
(2.12)

(see Figure 2.8(a)).
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The counter part of FFRmyo is the coronary fractional flow reserve, FFRcor, defined as
the maximum blood flow through the stenosed coronary artery during maximal arteriolar
vasodilation F(h)

s, divided by the theoretical maximum blood flow without the stenosis
F(h∗)

s, under the same physiological conditions. This requires the measurement of the
so-called wedge pressure Pw (see Figure 2.8(b)). By inflating a balloon catheter inside
the stenosis, the ‘perfusion’ pressure Pw is a result of collateral flow only. Taking this
contribution of collateral flow into account, the coronary Fractional Flow Reserve can be
expressed as (see Appendix B) [Pijls and de Bruyne 1998; Pijls et al. 1993]:

FFRcor
def=

F(h)
s

F(h∗)
s

=
Pd −Pw

Pa −Pw
(2.13)

Both the FFRmyo and the FFRcor are, unfortunately, dependent on the slope of the hyper-
emic pressure-flow curve (i.e. on myocardial vascular resistance). As a result, the FFR is
influenced by hypertrophy, tachycardia, etc. (see the enumeration in Section 2.4.1). An-
other (practical) drawback of the pressure gradient method is the necessity to traverse the
stenosis with a catheter, which may cause problems with very severe or distal stenoses,
or with vulnerable plaques. Also, a balloon catheter is needed for the FFRcor to instru-
ment the measurement of the wedge pressure Pw. As a result, the coronary fractional
flow reserve cannot be determined during normal (diagnostic) catheterization procedures
(in which a balloon catheter is normally not employed) [Pijls et al. 1993]. The pressure
gradient method to determine FFR requires the selection of measurement sites during the
clinical procedure; retrospective analysis of stenosis severity is not possible. This may
prolong the procedure considerably, especially in multi-vessel disease. Other methods,
like the RCFR, do not have this fundamental limitation (see Appendix B for a brief com-
parison). Also, in diffuse disease, or in small vessel disease, the pressure gradient method
is not applicable due to the ambiguous definition of the perfusion or wedge pressures in
that case.

The main advantage of the fractional flow reserve is its independency of the rest-
ing blood flow (all measurements are made during maximum arteriolar vasodilation),
such that conditions affecting that resting blood flow do not influence the FFR [Pijls and
de Bruyne 1998]. The FFR is also independent on aortic pressure, which facilitates the
interpretation of the results under varying physiological conditions (note that we assumed
mean pressures in all cases [Pijls and de Bruyne 1999; Poullis 1999]). Clinical studies
have demonstrated that a value of FFR = 0.75 distinguishes clinically significant stenoses
from insignificant ones [Pijls et al. 1996].

2.4.4 Coronary resistance reserve (CRR)

As argued before, the (absolute) flow reserve is a function of the physiological conditions.
Especially the aortic pressure has a significant influence (see Figure 2.6), such that the
CFR is actually a function of Pa, and not just a value [Hoffman 1984]. The relative- and
fractional- flow reserve methods discussed above are basically attempts to relieve this
dependency [Gould 1990]. To overcome the dependency of the absolute flow reserve
on aortic pressure during hyperemia, the coronary resistance reserve (CRR) divides both
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basal and hyperemic flows by the mean aortic pressures [Hoffman 1984, 1987]:

CRR
def=

F(h)/P(h)
a

F(0)/P(0)
a

=
R(h)

total

R(0)
total

(2.14)

with Rtotal the total vascular resistance (of the stenotic and collateral vessels, and of the
myocardial resistance). Unfortunately, the basal flow is relatively unaffected by fluctua-

tions in aortic pressure (due to the autoregulation system), such that R(0)
total is still dependent

on the aortic pressure (and so is CRR) [Hoffman 1984, 1987]. Also, in calculating the re-
sistances, the venous pressure Pv should also be taken into account, requiring an extra
catheter during the clinical procedure [Bourdarias 1995].

2.4.5 Stenosis flow reserve (SFR)

The stenosis flow reserve method (SFR) circumvents all the problems with varying heart
rate, aortic pressure, etc. by assuming standardized physiological conditions [Gould 1990;
Gould et al. 1990; Kirkeeide et al. 1986]. It assumes that the flow reserve in healthy sub-
jects equals five, and that the mean aortic pressure (P̂a) is 100 mm Hg. So, the hyperemic

myocardial resistance R(h)
myo can be expressed as [Gould et al. 1990; Kirkeeide et al. 1986]:

CFR(∗) ≡ 5 ⇒ F̂(h∗)
s = 5 · F̂(0)

s =
P̂a

R(h)
myo

⇒ R(h)
myo =

P̂a

5 · F̂(0)
s

(2.15)

The stenosis flow reserve SFR, defined as F̂(h)
s /F̂(0)

s can therefore be written as:

SFR
def=

F̂(h)
s

F̂(0)
s

=
(P̂a −∆P̂s)/R(h)

myo

F̂(0)
s

= 5 · P̂a −∆P̂s

P̂a
(2.16)

The pressure drop across the stenosis ∆P̂s is estimated based on a fluidic dynamical analy-
sis like in Section 2.2.1, assuming a normal resting blood flow velocity of 15 cm/s [Gould
1990; Gould et al. 1990; Kirkeeide et al. 1986].

Because the SFR is determined entirely from the geometry of the stenosis (and the
properties of the blood), the SFR is not influenced by the hemodynamical or physio-
logical conditions, nor by the presence of collateral circulation [Kirkeeide et al. 1986].
However, the accuracy of calculating ∆P̂s is generally low (the pressure drop is a function
of the stenosis diameter to the fourth power), and can only be applied to focal arterial le-
sions [Gould et al. 1990]. Also, the assessment of the stenosis geometry is troublesome in
practice, requiring invasive imaging modalities like intravascular ultrasound combined
with biplane angiography to yield sufficient spatial resolution (see Chapter 4) [Vogel
1988; Zijlstra et al. 1988].

2.5 Summary and discussion

Interpreting the findings of comparative studies of stenosis severity measures is diffi-
cult [Ritman 1990]. First of all, there is no true gold standard against which the different
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methods can be compared. Even histology provides inaccurate results due to inevitable
postmortem alterations of the arterial lesions secondary to changing fluidic and osmotic
pressures (inside the vessel and the surrounding tissues), dehydration, damage to (intersti-
tial) cells, etc. Secondly, many other factors contribute to the apparent significance of an
arterial lesion, such as myocardial viability, blood pressure, and collateral flow. Without
absolute control over these other factors, comparing different methods is at best debatable.
And since in practice these other factors can be controlled only slightly at best, a large
number of subjects have to be entered into each study, and the same (clinical) outcome
for both methods (such as survival rate over 5 years) have to be used in order to make the
results statistically relevant.

All the physiological severity measures introduced in this chapter have a few things
in common [Nissen and Gurley 1990]. First of all, they all measure the impact of the
stenosis at maximum hyperemia. As a result, it is important to ensure maximum arterio-
lar vasodilation during the measurement; sub-maximum vasodilation severely diminishes
the accuracy of all physiological severity measures. Secondly, none of the severity mea-
sures is absolutely independent of the physiological conditions. Even the stenosis flow
reserve SFR, which assumes a certain aortic blood pressure, coronary blood flow veloc-
ity, etc., is in the end dependent on the physiological conditions; it will overestimate the
severity of the stenosis in case, for example, the flow reserve of the myocardium is dimin-
ished due to small-vessel disease, or in case there is collateral circulation. Thirdly, the
severity measures that allow easy quantification are all based on coronary flow measure-
ments. These flows can be measured in several ways, including (see Hoffman [1984] for
an overview) thermodilution [Ganz et al. 1971; Marcus et al. 1987; Wessel et al. 1971],
gas clearance methods, electro-magnetic flow meters (EMF), perivascular pulsed Doppler
ultrasound probes [Marcus et al. 1988], intravascular Doppler ultrasound [Klocke 1987],
and transthoracic imaging methods (like angiography).

It can be concluded that the impact of an epicardial stenoses on the cardiovascular
system is too complex to be fully captured or quantified by a single severity measure.
Limiting our discussion to the immediate influence of stenoses on coronary blood flow,
the flow reserve methods provide convenient and quantifiable severity measures which
can be tailored to the specific clinical application. The following combination of flow
reserve-based severity measures is of special importance, as they yield complementary
data into the hemodynamic significance of coronary stenoses [Gould 1990; Gould et al.
1990; Marcus et al. 1988; Nissen and Gurley 1990; Vogel 1988].

• Absolute CFR reflects the actual flow capacity at the time of measurement. Al-
though it is highly dependent on aortic pressure, heart rate, and myocardial oxygen
demand at rest (amongst others), it is an essential measure in detecting diffuse dis-
ease, small-vessel disease, or (balanced) multi-vessel disease. By choosing either
the myocardial- or the coronary flow reserves, the severity measure focusses on
the consequences for myocardial perfusion, or on the impact on flow through the
stenosis, respectively.

• The relative flow reserve RCFR, on the other hand, is less sensitive to varying
physiological conditions, but requires the presence of a healthy artery and perfusion
area for comparison. In that respect, it represents the actual decrease in flow reserve
due to the stenosis. Again, the myocardial RCFR focusses on myocardial perfusion,
the coronary RCFR on the epicardial blood flow.
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• The stenosis flow reserve SFR is technically demanding, but it represents the true
impact of the stenosis, independent of physiological conditions, the condition of
the myocardium, or the presence (or absence) of collateral flow. So, the SFR can
be considered the ultimate coronary flow reserve.

A combination of these flow reserve methods provide a more complete description of
stenosis severity than either of them alone. By measuring both the coronary and the my-
ocardial flow reserves (CFR and RCFR), assessment of the contribution of collateral blood
flow to the regional myocardial perfusion is possible [Pijls et al. 1993]. Furthermore, these
severity measures can all be determined from a single routine coronary angiographic pro-
cedure, which is an obvious advantage.

Obviously, these flow reserve methods are not the only valuable methods of quantify-
ing the severity of coronary stenoses. Some common quantitative stenosis severity mea-
sures are summarized in Table 2.1. Of special importance are the corrected TIMI frame
count (CTFC) for its particularly simple implementation, and the fractional flow reserve
FFR for its accuracy (during intravascular interventions). In general, the complexity of
the human coronary circulation limits the possibility of establishing simple cut-off criteria
to identify flow limiting (clinically significant) stenoses. This is another indication that
the eventual decision on the clinical treatment of a patient should not be based on a single
stenosis severity measurement.

Measure Nominal value Cut-off Main problem(s)

(Resting flow) (70 ml/s/100g) - Not sensitive

Hyperemic flow (fivefold) - Variations

IHDVPS (1.7 cm/s/mmHg) - Technically difficult

CTFC 20 frames - Very simplistic

CFR > 5 1.7 – 2.0 Variations

RCFR 1.0 0.7 or 1.3 Reference vessel

FFR 1.0 0.7 Not for diffuse disease

SFR > 5 1.7 – 2.0 Technically difficult

Table 2.1: Overview of quantitative stenosis severity measures (see the text for more de-
tails).



Chapter 3
TRACER KINETIC THEORY

One of the basic ideas behind tracer kinetic theory is to measure the concentration of an
administered indicator as it is diluted by the flow of a certain carrier stream [Lassen and
Perl 1979]. For example, injecting an amount of one gram per minute of an indicator
substance into a fluidic flow of 1 liter per minute, will eventually (after mixing) result
downstream in a concentration of 1 gram per liter. So, the volume flow of carrier fluid
can be determined by measuring the dilution of the administered indicator; this theory is
therefore also known as the indicator dilution theory. However, indicator dilution the-
ory is strictly speaking only a part of the theory of tracer kinetics, which also includes
concepts not directly related to the dilution of an indicator (such as convolutional and
compartmental analysis).

This chapter mainly focuses on tracer kinetic theory in medical physiology, and in
particular on its use in determining coronary blood flow and perfusion. Unlike most text-
books, this treatment will start with a convoluted discussion on the fundamental concepts
of the theory (Section 3.1), after which several of the practical applications are shown.
As a result, this first section is very theoretical, and is possibly hard to follow without
some basic knowledge of the practical applications. Despite this drawback, it is believed
that the more fundamental approach adopted here will give more insight into the simi-
larities of, and differences between the pertinent methodologies (see also the overview
of measurement principles in Section 3.1.5). Because of the thorough description of the
fundamentals in Section 3.1, most of the different methodologies can be described fairly
quickly, as done in Sections 3.2 through 3.5. The last section (Section 3.6) briefly in-
troduces another tracer kinetic theory concept, known as compartmental analysis. Con-
trary to the methods discussed in earlier sections, which treat the system as a black box,
compartmental analysis explicitly includes the internal mechanisms of the system (‘white
box’). The resulting models will be used to model coronary blood flow, and to enhance
the accuracy of the densitometric flow measurements of Chapter 5.
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3.1 The fundamentals

Tracer kinetics was first applied in medical physiology to measure cardiac output by using
heat as the indicator (thermodilution). With the advent of nuclear imaging technology,
the theory was further developed and extended for application in medical physiology.
Since that time, the theory has been used in a wide range of applications in and beyond
medical physiology, not only to measure fluid flows and volumes, but also to measure less
tangible quantities like cellular metabolic uptake, exchange rates across cell membranes,
and distribution volumes of human enzymes [Bengel and Schwaiger 1998; Lassen and
Perl 1979; Verhoeven 1985].

Before the theory can be fully developed and applied to practical problems, some
basic concepts have to be introduced. The next few sections will therefore define the most
important terminology and concepts used (Sections 3.1.1 through 3.1.4). This section is
concluded with an overview of the derived measurement methods (Section 3.1.5). Some
additional concepts and practical issues (like the method of sampling) can be found in
Appendix C.6.

3.1.1 Fluid flow and mass transport

The first fundamental concept is the distinction between the flow of a carrier fluid, and
the more general flow of a carrier substance (mass transport). In the case of a fluidic
carrier flow, a foreign substance that is purposely introduced into the system during the
experiment acts as the indicator. This indicator is ‘carried’ by the carrier fluid, and as
such, is indicative of the flow of carrier fluid. The concentration c (defined as the amount
of indicator per unit volume of fluid solution, in [mg/ml]) is the fundamental quantity
relating the indicator to the carrier fluid flow.

In case of a carrier substance (instead of a fluid), another type of indicator is required,
known as a tracer. It is a labelled version of the (systemic) carrier substance (the mother
substance), such that the tracer can be distinguished from the mother substance by a
special detector, but is treated exactly equal by the system. Because of these properties,
this tracer can be used to determine for example the rate at which the mother substance
is passing through a membrane (the flux), or the total amount of mother substance inside
the system. However, since we are primarily interested in fluidic systems (i.e. coronary
blood flow), this chapter will not discuss the details of the mass transport paradigm. In
most cases, the translation of the fluid flow principles to the mass transport paradigm are
straightforward.

The rate at which any substance is being transported is described by the flux, being
the total amount of substance passing through a certain area in a unit amount of time (in
[mg/s]). This is not to be confused with the flux density, which measures the rate of mass
transport per unit area. The flux of indicator secondary to a flow F (in [ml/s]) of carrier
fluid in the direction of x, is given by the general equation:

φ= Fc−DA
∂c
∂x

(3.1)

In this equation, D [ml/s] is the diffusion coefficient, and A [mm2] the cross-sectional
area of the flow. The last term in this expression (DA∂c/∂x) accounts for diffusion, but in
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practice this term is only noticeable at high temperatures (high value of D) and low flows.
The flux φ can therefore be expressed as flow times concentration (φ= Fc), unless there
are specific reasons to believe diffusion plays a significant role.

Normally, a flux of indicator is associated with a physical flow of carrier fluid (F), as
expressed in Equation 3.1. However, in some cases, there is a flux that is not associated to
a fluidic flow, commonly denoted as a non-convective flux φs. Examples are the destruc-
tion or the production of substance due to e.g. (metabolic) processes, diffusion through
a semi-permeable membrane, and the excretion of metabolic waste products through the
kidneys. More details on this topic can be found in Appendix C.

3.1.2 The basic equation: conservation of mass

The theory of tracer kinetics is based on the Law of Conservation of Mass. Consider a
model of an open system S with multiple inlets and multiple outlets. The law of conser-
vation of mass then turns into a differential equation, stating that the difference between
the total amount of substance going in and the amount going out, equals the amount being
accumulated inside S, or:

∂ms

∂t
= ∑

i
φin,i −∑

i
φout,i (3.2)

In this equation, φin,i and φout,i denote the influx and efflux in the in- or outlet i, respec-
tively, and ms the amount of substance (its mass [mg]) residing inside the system S. As
long as there is no production or destruction inside the system of the substance under
consideration (a so-called conservative system), this differential equation holds for any
substance, also for the indicator.

coutcin
FF

ms

S

Vs

Figure 3.1: The basic system model.

For a simple fluidic system having a single inlet and a single outlet (see Figure 3.1),
Equation 3.2 changes to:

∂ms

∂t
= Fin cin −Fout cout = F (cin − cout) (3.3)

assuming the volume Vs of the system is constant (no accumulation of carrier fluid, and
hence Fin = Fout = F).

3.1.3 The indicator

The indicator can be administered to the system in several ways. In studying the (human)
circulatory system, there are two main options: intravascular infusion or injection, or in-
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or exhalation as a gas through the lungs. For simplicity, the term ‘infusion’ will be used
to refer to whatever method is used to administer the indicator, and the infusion site is to
denote the specific site where the infusate enters the stream of carrier fluid or substance.

Indicator requirements

Obviously, there are some requirements regarding the indicator used. The most important
one is that the indicator should be representative for the carrier substance under consid-
eration. In that respect, the system should treat the indicator exactly the same as is treats
the carrier substance. Also, the indicator should not interfere with the system; if the
administration of the indicator changes (directly or indirectly) the system’s (autoregula-
tory) behavior, for example by acting as a catalyst in some other biochemical process, the
measurement becomes unrepresentative of the system’s normal operation.

Another (obvious) requirement is that the indicator should be readily detectable, such
that its concentration can be determined accurately. Preferably, very low concentration
should be detectable, such that only small amounts of indicator have to be administered
to the system. This way, the system itself and the processes occurring within it, are
not disturbed by the infusion of indicator. This is known as the minimal perturbation
principle.

Other, more practical requirement to be imposed on indicators concern the safety
(toxicity or allergies), thermal and chemical stability, pharmacological inertness, that it is
eventually removed (either excreted or broken down), costs, etc. [Fröhlich et al. 1997]. In
case of a radioactive substance, the half-time of the indicator should be matched to the
duration of the experiment.

Classification of indicator behavior

So far, two different types of indicators have been identified: tracers for mass transport
systems, and foreign substances for fluidic systems (Section 3.1.1). However, in special
cases other types of indicators may be used as well. The first special case is a systemic
substance as an indicator in a fluidic system, which can only be used in conjunction with
Fick’s Principle (Section 3.2.2). Apart from being systemic instead of foreign, there are no
differences compared to the indicators normally being used for fluidic systems, and it will
therefore not be treated separately. The second special case, however, shows completely
different behavior. Again in fluidic systems, an indicator can be used which consists of
for example an emulsion of small particles. The characteristic property of such micro-
spheres is that they are trapped in the small passageways of the system (the capillary bed
in physiological systems). As a result, they are completely extracted from the inflowing
liquid in their first pass, and hence behave completely different than other, non-particulate
indicators. This type of mechanical microspheres cannot be used in humans for obvious
reasons, but in animal studies, they are widely used (see Appendix C.3 for another type
of microspheres that can be used in human subjects, known as chemical microspheres).

In circulation studies, three categories of (foreign) non-microspheres indicators can
be discerned: vascular indicators that remain in the vascular bed even in the microcir-
culation; extracellular indicators (hydrophilic) that pass the capillary wall through pores
but are unable to cross cell membranes and hence are confined to the extracellular space;
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Figure 3.2: Model of a closed system Sclosed with recirculation, assuming the flow of
infusate ft is negligible compared to the flow F. The total influx of indicator equals
the sum of recirculation and infusion fluxes, or φin(t) = Fcrecirc(t)+ ft(t)ct. The flux φe

denotes the excretion of indicator.

and freely diffusible indicators (lipophilic) that cross all cell membranes and hence are
distributed throughout the entire tissue. This classification will be used is Section 3.1.4 to
define the volume of the system S.

Another classification of indicators for circulatory studies can be made based on the
indicator lifetime. In practice, three main categories exist: indicators that are excreted
entirely in a single pass through the circulatory system (most notably, in the lungs, such
as CO2); indicators that are excreted only partially in each pass (e.g. in the kidneys,
liver, through perspiration, or by exhalation); and indicators that are not excreted but
are broken down due to radioactive decay or metabolic processes. There are examples
of mixed types, e.g. radioactive indicators that are also excreted. But normally either
the decay process or the excretion is dominant, such that the other phenomenon can be
disregarded.

The vascular indicators (being only partially excreted or broken down in each pass)
will circulate through the body over an extended period of time. As will be shown, this
indicator recirculation causes some practical problems.

Indicator recirculation

Despite the fact that the model of section 3.1.2 is an open system, the real (biomedical)
system that it models is normally, in its entirety, a closed system (see Figure 3.2). This
means that the carrier substance traverses through a certain closed loop of pathways, such
that it recirculates in a certain amount of time. Since there are multiple such pathways of
different lengths, this recirculation is not fully described by a single periodic recirculation
time; dispersion occurs due to different travelling times through the different channels,
but also secondary to dispersion in laminar flow.

For now, it suffices to describe this recirculation by a constant Tcirc, which is defined
as the shortest time after the start of infusion for any of the injected substances to reach
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the infusion site through recirculation. In that sense, it is a measure of the length of time
in which recirculation can be ignored. If the indicator is excreted completely through the
lungs, recirculation can be ignored altogether, and Tcirc can be considered infinite.

Since our application of this theory involves closed systems like the one depicted in
Figure 3.2, it is safer to speak of the sub-system S, being part of a larger, closed system
Sclosed in which the carrier substance recirculates in a continuous process. This more
general terminology will be adopted in the sequel.

Indicator steady state condition

During an experiment in which the indicator is infused at a constant rate, the system will,
after a certain period of time, reach a state in which the amount of indicator inside the
subsystem S is constant: ∂ms/∂t = 0. This state is generally referred to as indicator steady
state. Assuming no indicator recirculation, and by using Equation 3.2, it is easily seen that
during indicator steady state the output concentration is constant as well. Intuitively, the
time it takes to reach this state depends on both the flow and on the capacity (i.e. volume)
of the subsystem. Denote this time by tss.
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Figure 3.3: Simulated output concentration curves in the presence of indicator recircu-
lation, using the models of Section 3.6. The system Sclosed consists of a mixing chamber S
with a time constant τ = V/F = 0.2 [s], and a recirculation path (see Figure 3.2). One
curve is obtained with plug flow (no dispersion), and the other with Poiseuille laminar
flow (dispersion). In both cases, the excretion φe equals 0.4 times the flux through the
recirculation path (Fφout). The infusion is ft ct = 10 [mg/s], and the recirculation time is
Tcirc = TL = 4 [s] (see Section 3.6 for the flow models used).

If the closed system is not free of indicator recirculation, the situation is more compli-
cated. If the subsystem S establishes indicator steady state before indicator recirculation
occurs (i.e. tss < Tcirc), this seeming indicator steady state is only of transient nature (see
Figure 3.3). As soon as the recirculating indicator reaches the input of the subsystem S,
the equilibrium is disturbed, and the indicator steady state ceases to exist. The state in
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which the subsystem S is in indicator steady state while the overall system Sclosed is not, is
denoted by sub-systemic indicator steady state. After the first indicator recirculation oc-
curs (or if Tcirc < tss), indicator steady state can be attained (again), but then it is required
that the overall system is in indicator steady state, not just the subsystem S. This is called
systemic indicator steady state (see Figure 3.3). Reaching this state normally requires
more time than just sub-systemic indicator steady state. In fact, it may never occur if the
indicator is not excreted or broken down somewhere in the overall system; the amount of
indicator circulating through the overall system just keeps building up.

The occurrence of indicator steady state can only be guaranteed for t → ∞, which
is not practical in real experiments. Nonetheless, it is an important requirement in most
constant indicator infusion methods and should be adhered to closely by waiting a long
(but reasonable) amount of time after the first signs of settlement. However, this may
cause other problems like indicator recirculation or toxicity. In the coronary circulation,
recirculation generally occurs within less than 10 seconds, and sub-systemic indicator
steady state in an amount of time of the same order of magnitude, depending on the
indicator used. Systemic indicator steady state, however, can take a considerable amount
of time due to the relatively low coronary blood flow compared to the cardiac output
(about 1 percent), and the large volume of the closed system.

It is worth noting that, if there is no recirculation at all (Tcirc → ∞), the systemic and
the sub-systemic indicator steady states are essentially the same. However, they are only
the same as far as the model of the subsystem is concerned. In the real system, there
may be other subsystems in series that can accumulate the indicator, and hence the real
physical system as a whole might not be in systemic indicator steady state yet. However,
for the purpose of the theory developed here, that is not of interest as long as it does not
influence the subsystem S.

Based on this discussion, the time tss is understood to refer to systemic indicator steady
state in indicator recirculating systems, and to sub-systemic indicator steady in systems
in which the indicator does not recirculate.

3.1.4 The subsystem

The most important requirement imposed on the overall system Sclosed is its stationarity
(i.e. time invariant). This requirement concerns all processes that influence the relevant
system parameters, either directly or indirectly. By adhering to the minimal perturba-
tion principle (Section 3.1.3), this stationary steady state condition of the internal system
parameters is not disturbed by the infusion of indicator, except for the concentration of
indicator itself of course. Also, the subsystem S is assumed to be conservative with re-
spect to the indicator, except when the production of breakdown (excretion) is specifically
targeted.

A stationary system is not necessarily in thermodynamic equilibrium. For example,
the concentration of a certain substance may be spatially varying due to active transporta-
tion mechanisms across cell membranes. So, although the system is stationary (that is, the
spatial distribution of the substance does not change with time), it is not in equilibrium in
the thermodynamic sense.
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Volume of distribution

The volume of a closed system can normally be determined quite easily by infusing a
certain amount of indicator, m0. After complete mixing has occurred, the volume of the
closed system is given by:

Vclosed =
m0

cref(∞)
(3.4)

where cref(∞) denotes the eventual concentration of indicator in a reference fluid (nor-
mally the inflowing fluid) inside the system. In this expression, it is assumed that the
system is conservative.

Now return to the case of an open system, like the one depicted in Figure 3.1. The
volume of such an open system can be determined by closing all in- and outlets, and by
subsequent application of Equation 3.4. It will be found that the volume thus determined
is, in most cases, larger than the vascular volume of the system. To understand the differ-
ence between the physical (vascular) volume and the volume of distribution as measured
by Equation 3.4, consider a simple system consisting of a small segment of a blood vessel.
Using a strictly vascular indicator (see Section 3.1.3), the volume found by Equation 3.4
equals the physical volume of the vessel segment. However, if the indicator does not re-
main completely intravascular, the indicator is partly dissolved in the extravascular space
(extravasation). If this crossing of the vessel wall is bidirectional and sufficiently rapid,
the indicator molecules that reside somewhere outside of the physical vascular volume
still play their parts in defining the ‘equilibrium’ concentration. As a result, the volume
of distribution of the indicator (Equation 3.4) is larger than just the physical space.

In the sequel, the volume Vs of the subsystem is understood to denote the volume
of distribution of that subsystem, with the inflowing fluid as the reference fluid. Since
the volume of distribution is such an intangible quantity, it may be convenient to express
the volume of distribution in terms of the total mass of tissue (or organ for that matter).
That technique, which is not essential to understand the current discussion, is explained
in Appendix C (Section C.1).

Mixing and multiple inlets and outlets

If the subsystem S has only a single inlet and a single outlet (such as depicted in Fig-
ure 3.1), it is sufficient to assume so-called cross sectional mixing. Due to this type of
mixing, the in- and outlet concentrations cin and cout are well defined, and can be mea-
sured anywhere in the cross section of the physical conduits. In most cases, however,
the real (physical) system will have multiple in- and outlets, necessitating additional con-
straints to enable application of tracer kinetic theory. First consider a system having Nin

inlets, through which carrier fluid is entering the subsystem at a rate Fi:

F =
Nin

∑
i=1

Fi (3.5)

These multiple inlets are said to be equivalent if, at any point in time during the measure-
ment, the concentrations in the inlets are equal. In that case, the Nin physical conduits
degenerate into a single equivalent inlet carrying a total fluid flow F . This condition is
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called inlet mixing. The definition of an equivalent outlet is analogous: if, at any point
in time during the measurement, the indicator concentrations in all output conduits are
equal, there is outlet mixing, and all outputs can be summed to obtain a single equivalent
outlet. A system having only one (equivalent) inlet, and one (equivalent) outlet will be
referred to as a SISO system (single input single output).

S1S1

S2 S2S2

(a) (b) (c)

Figure 3.4: A cascade of two subsystems S1 and S2 to model cross sectional mixing inside
the system S1 + S2. If the infusion occurs in one of multiple inlets (panel (b)), this is
equivalent to infusion at the mixing site, as shown in panel (c).

In the more general case of cross sectional mixing somewhere in the subsystem S,
this subsystem is easily converted into a cascade of two subsystems S1 and S2, such that
S1 exhibits outlet mixing, and S2 inlet mixing (see Figure 3.4). Note that the flow that is
determined using tracer kinetic theory is the total flow F at this mixing site, and not at the
sampling- or infusion site(s). In fact, if the indicator is infused into one of multiple inlet
conduits, the mixing site can be thought of as being the equivalent infusion site, which
simplifies the model to a single inlet system (see Figure 3.4(c)).

In some special cases, it may be necessary to require complete mixing, and not just
cross-sectional mixing. For example in some methods to determine the volume of distri-
bution (see section 3.2.1), it is assumed that the output concentration during an equilib-
rium condition (indicator steady state) equals the uniform concentration inside the sub-
system. However, the general model as developed in this section does not include this
strict requirement; only cross-sectional mixing is required, allowing spatial variations in
(indicator) concentrations.
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System models: the impulse response function

The transit of substances through the system can be modelled in many different ways,
such as by an set of linear differential equations, equivalent to an electrical circuit. Mod-
elling the system by an electrical circuit enables the application of a vast array of analysis
techniques to study the dynamic behavior of the system (such as non steady flow, accu-
mulation, compliance, fluid mass effects etc.). However, in biomedical applications the
determination of the necessary model parameters is difficult, for example in the coronary
circulation where parameters like the vascular resistance change periodically secondary
to the myocardial contractions. Therefore, such electrical models are usually restricted to
simple resistance circuits representing the steady state condition of the system.

Another useful description of the system’s behavior is the transfer function, which
relates some input variable x (e.g. the indicator concentration in the inlet) to some output
variable y:

y(t) = Ξxy{x(t); t} (3.6)

with Ξxy some (time-dependent) functional. Assuming a stationary system, the depen-
dence on the time t can be dropped, such that y(t) = Ξxy{x(t)}. If, in addition, the system
is assumed to be linear, this transfer function can be expressed as a convolution over time
t:

y(t) = (hxy ∗ x)(t) (3.7)

where hxy(t) denotes the impulse response of the system, and the operator ∗ the convolu-
tion operation. Another interpretation of h(t) is that it is the probability density function
of the transit time of individual particles in the stream. This statistical interpretation will
be used in Section 5.5.3.

Its most useful application is in describing the relation between the input concen-
tration in inlet i and the resulting output concentration in outlet j, with corresponding
impulse response function hi j(t) (in practice hi j(t) is also a function of the flows and con-
centrations at all the other in- and outlets, but this dependence is omitted for brevity as
they are assumed to be constant).

The stimulus-response theorem

In order to derive some of the measurement methods based on tracer kinetic theory, it is
useful to find an expression that relates bolus injection experiments to constant infusion
experiments. To that extent, we will consider an input variable xb(t) and an output variable
yb(t) that adhere to Equation 3.7 in a bolus injection experiment. By considering the input
variable xb(t) as a stimulus which provokes a response yb(t), it is easily seen that the
stimulus xc(t) to a continuous infusion experiment can be written as:

xc(t) =
∫ t

0
xb(τ)dτ (3.8)

since xc(t) will be constant by the time xb(t) returns to zero. Writing this stimulus as the
integral of a bolus, instead of using a step function u(t), enables the calculation of the
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corresponding response yc(t) in the continuous infusion experiment (using Equation 3.7):

yc(t) = (hxy ∗ xc)(t) =
∫ t

0
(hxy ∗ xb)(τ)dτ =

∫ t

0
yb(τ)dτ (3.9)

since taking the integral and performing a convolution are both linear operations [Kwak-
ernaak and Sivan 1991]. Dividing Equations 3.8 and 3.9 into each other (with t → ∞)
yields the stimulus response theorem [Lassen and Perl 1979]:

xc(∞)
yc(∞)

=

∫ ∞

0
xb(τ)dτ∫ ∞

0
yb(τ)dτ

(3.10)

So, with convolution systems adhering to Equation 3.7, there is a close relationship be-
tween the response to a bolus, and the response of that same system to a constant indicator
infusion. This result, which is independent of the bolus shape, will be used in Section 3.5
to derive Zierler’s equation.

3.1.5 Overview of black-box methods and principles

There are six different ways of determining flow by tracer kinetic theory, based on three
criteria:

• the method of indicator infusion; either as a bolus, or by a constant infusion;
• whether the method enables the determination of an absolute flow F , or a flow per

unit amount of volume F/V ; and
• the type of measurements made, either using residue detection (measuring the

amount of indicator inside the system, ms(t)), or using inlet- and outlet sampling.

An overview of the resulting six principles is given in Table 3.1; they are discussed in
more detail in the coming sections (Sections 3.2 through 3.5).

The methods providing an absolute measure of flow F are normally referred to as
indicator-dilution methods, as they measure the ‘dilution’ of the indicator by the fluidic
carrier flow F (see Section 3.2 and 3.3). In all six methods of Table 3.1, the system
is assumed to be stationary and conservative, which is not disturbed by the infusion of
indicator (minimal perturbation principle). In the flow per volume methods the system is
also assumed to be linear (Section 3.4 and 3.5); a assumption not required in the absolute
flow measurements of Section 3.2 and 3.3.

The indicator steady state that is obtained due to a constant indicator infusion is ad-
vantageous in practical experiments, since all kinds of effects like measurement noise and
timing issues are either avoided or can easily be eliminated. Also, there is no contribution
of diffusion to the indicator flux because the gradient ∂c/∂t is zero (see Equation 3.1).
However, a disadvantage of constant infusion experiments is the long time it can take to
reach indicator steady state. This may not only be a practical inconvenience, but also
be impossible due to toxic effects of the indicator used. So, although the measurements
during indicator steady state are usually more accurate (no diffusion, less noise, etc., see
Section 3.2), bolus injection experiment are sometimes preferable.

The methods that measure the flow per unit amount of volume (F/V ) are known as the
mean transit time methods. This can be appreciated by considering a tube with a constant
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Flow (F) Flow / Volume (F/V )

outlet sampling residue IO sampling

Stewart/Fick washout Kety-Schmidt (washin)

Constant
infusion

F = ft
ct

cout(∞)
F
Vs

=
−ṁs(0)
ms(0)

F
Vs

=
c(∞)∫ ∞

0
[cin(t)− cout(t)] dt

(Section 3.2) (Section 3.4.1) (Section 3.4.2)

Stewart-Hamilton Zierler bolus propagation

Bolus in-
jection

F =
m0∫ ∞

0
cout(t)dt

F
Vs

=
mmax∫ ∞

0
ms(t)dt

F
Vs

=
1

t̄out − t̄in

(Section 3.3) (Section 3.5.1) (Section 3.5.2)

Table 3.1: The six basic principles to measure flow using the tracer kinetic theory. A
stationary and conservative single-inlet single-outlet system is assumed, with a total flow
F. The amount of indicator inside the system is denoted by ms (having a maximum value
of mmax), and the amount of indicator administered as a bolus at time t = 0 by m0. In the
constant infusion experiments, the infusion rate is ft (in [ml/min]), and the infusate has a
concentration of ct. In the washin experiment, the constant infusion is started at t = 0; in
the washout experiment the constant infusion is stopped at t = 0.

cross section A, and a total volume Vs. Assuming a uniform flow profile (i.e. plug flow),
the transit time through this tube equals:

t =
L
v0

=
L ·A
v0 ·A =

Vs

F
(3.11)

which can be generalized to any system and any flow profile, using the (statistical) average
traversal time t̄ of all fluid ‘particles’ [Meier and Zierler 1954]. To that extent, consider
the fluid present in the system at any particular instant, say at time zero, and assumed that
this fluid is a collection of very small, rigid particles. These particles, which compose the
volume Vs of fluid, can be distinguished by the time each requires to traverse the system
from the inlet to the outlet. The fraction of particles having a transit time between t and
t + dt is given by the probability density function of transit times h(t) (which equals the
impulse response function of Equation 3.7). Such particles, having a transit time between
t and t +dt, can be found throughout the system; the particles that are close to the outlet
will emerge first (basically at time zero), and particles close to the inlet at time t. Since
these particles are uniformly distributed throughout the system, they will leave the system
at a constant rate F ·h(t)dt from time zero to time t (the rate of fluid entering the system
is F , and the fraction of that fluid having a transit time between t and t + dt is h(t)dt).
The volume of particles having a transit time between t and t + dt is therefore given by
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t ·F ·h(t)dt. The total volume Vs is then calculated as [Meier and Zierler 1954]:

Vs = F
∫ ∞

0
t ·h(t)dt = Ft̄ (3.12)

It is easily seen that t̄ is the statistical mean transit time of the particles through the sys-
tem. Note, however, that t̄ itself is deterministic; it is fully defined by the (deterministic)
system. Hence, in general:

t̄ =
Vs

F
(3.13)

independent of the flow profile or of the type of (stationary) system being considered.
Consequently, the methods assessing the flow per volume (or its inverse) are basically
measuring the mean transit time of the system.

3.2 Flow measurement during indicator steady state

In a constant infusion experiment, the influx due to infusion is given by:

φt(t) = ft ct u(t) (3.14)

with u(t) the unit step function (1 (one) for t ≥ 0 and 0 (zero) otherwise), ft a constant
infusion rate, and ct the constant indicator concentration of the infusate. In this equation,
the diffusion term of Equation 3.1 is ignored, although the difference between the rela-
tively high indicator concentration in the infusate and the low concentration in the system
causes large concentration gradient. However, by properly defining the boundaries of the
system, this problem is easily avoided and Equation 3.14 generally holds.

The two main principles exploiting the advantages of indicator steady state to mea-
sure a flow or a flux are the Stewart Principle (section 3.2.1, and Fick’s Principle (sec-
tion 3.2.2). Both principles can be derived from a single model, as depicted in Figure 3.5.
This model consists of an ideal subsystem S with a certain volume Vs [ml], through which
a steady flow F [ml/s] of carrier fluid is passing. The volumes of the inlet and outlet
tubes are either neglected, or included in the volume Vs. It is assumed that the system
parameters and processes are stationary, and that complete cross-sectional mixing occurs
somewhere in the subsystem.

3.2.1 The Stewart Principle

Consider the system as shown in Figure 3.5 and assume that:

1. the indicator is normally not present in the system (a non-systemic substance). That
is: ms(t ≤ 0) = 0;

2. there is no recirculation: crecirc(t) = 0

3. no indicator is produced nor destroyed inside the subsystem S: φs = 0;

4. the minimum perturbation principle applies, such that ft is much smaller than F ,
and F + ft ≈ F .
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coutcin

φs

ct

ft
F F + ft

ms

Vs

Figure 3.5: Model of a subsystem S in which an indicator is infused as a constant rate
of ft ct. The total outflow therefore equals the inflow F plus the flow of infusate, ft. The
volume of the system is Vs, in which a mass ms of indicator substance resides. Part of this
mass of indicator substance leaves through a non-convective outlet, φs. There is cross
sectional mixing somewhere in the subsystem S (denoted by the stirrer).

A certain time tss after starting the infusion, the subsystem will reach the sub-systemic
indicator steady state (see section 3.1.3), and the output concentration cout(t) gets its
maximum value after which it remains constant: cout(t) = cout(tss) for t ≥ tss. During
that state, Equation 3.2 can be written as:

0 = ∑φin −∑φout = ft ct −Fcout(tss) (3.15)

Solving this equation for the flow F results in the Stewart equation, or the Stewart Princi-
ple [Lassen and Perl 1979]:

F = ft
ct

cout(tss)
(3.16)

This result can be interpreted as that the ‘dilution’ of the indicator by the flow F (ct/cout)
equals the ratio of the carrier and infusate flows (F/ ft). Hence, the flow F can be de-
termined by measuring the indicator steady state output concentration cout(tss), knowing
the infusate concentration and infusion speed (ct and ft respectively). It was first used
by Stewart in 1897 to measure blood flow, using common salt (sodium chloride) as the
indicator and conductivity as a measure of concentration [Lassen and Perl 1979].

Graphical interpretation of the Stewart Principle

The Stewart Principle can also be given a more graphical interpretation, using the output
concentration curve. To that extent, multiply Equation 3.16 by ∆t/∆t (which equals one),
to get:

F =
ft ct∆t

cout(tss)∆t
(3.17)

In this expression, the numerator is easily recognized as the total amount (or dose) of in-
dicator administered during the time interval ∆t (the indicator flux times length of time),
and the denominator as the area under the output concentration curve in that same time in-
terval. This relation between the amount of indicator administered and the area under the
curve is generally valid, and will therefore return in other sections (see also Figure 3.6(a)).
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t

∆t

tss

(a) Stewart’s Principle.

0

c

t

∆t

tss

cin

cout

(b) Fick’s Principle.

Figure 3.6: The dose over area interpretation of the Stewart and Fick Principles.

MIMO systems

The Stewart Principle is only valid in single (equivalent) inlet systems. Multiple outlets
are allowed, and it is easily seen that the steady state outlet concentrations in each of the
outlets will be equal due to the cross sectional inlet mixing. In fact, measuring the steady
state concentrations in all the outlets provides an efficient check on the assumption that
the system has only one equivalent inlet.

Indicator recirculation

The assumptions used to derive the Stewart Principle completely rule out indicator recir-
culation. However, even if recirculation does occur, there sometimes is a way to compen-
sate for it. This is only possible if there is a bilateral symmetrical structure available (e.g.
with the kidneys, or arms and legs). By measuring the (output) indicator concentration in
the corresponding bilateral vessel, an estimate of the contribution of recirculating indica-
tor to cout(t) can be obtained that is correctly synchronized in time. Simple subtraction of
this estimate from cout(t) gives the desired output concentration (the concentration solely
due to the infusion). However, in case the flow in the bilateral structures is not the same
due to a pathological condition, the method fails. And since this technique is mostly ap-
plied to detect such pathological alterations of flow, extreme care must be taking in using
this correction mechanism.

3.2.2 The Fick Principle

Another approach to determine the flow F is Fick’s Principle, which handles recirculation
more fundamentally than the Stewart Principle does [Lassen and Perl 1979]. It does
however require measurements of the input indicator concentrations cin(t), and hence
prescribes a systemic indicator steady state.

Suppose we have the same basic setup as described in section 3.2, but that there is
no infusion of indicator ( ft ct = 0) such that cin = crecirc. Instead, a systemic substance is
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used as the indicator, and the non-convective flux φs acts as a constant ‘indicator infusion’,
causing a different concentration in the in- and outflows (otherwise, there would not be
anything to measure). Assuming that the complete system is in systemic indicator steady
state (ṁs(t ≥ tss) = 0), Equation 3.2 can be written as:

0 = ∑φin −∑φout = Fcin(tss)−Fcout(tss)−φs (3.18)

Solving for F yields what is generally known as the Fick’s Principle [Lassen and Perl
1979]:

F =
φs

cin(tss)− cout(tss)
(3.19)

In words: the uptake by the subsystem is the difference between the influx and the efflux.

Fick’s experiment: measurement of cardiac output

Fick proposed this equation in 1870 to measure cardiac output, using oxygen as an in-
dicator. He used the lungs as the subsystem S, knowing that the pulmonary blood flow
is (approximately) the same as cardiac output. He determined φs by measuring oxygen
uptake through the mouth (actually, in his experiment φs would be negative). Combined
with systemic venous (or pulmonary arterial) oxygen concentration cin and systemic ar-
terial (or pulmonary venous) oxygen concentration cout during systemic indicator steady
state (oxygen levels in the body are constant), it enabled him to compute the cardiac out-
put F .

Sources of errors

The accuracy of Fick’s Principle depends heavily on the accuracy of the in- and output
concentrations measured. Especially when the difference in concentrations is only small,
small measurement errors are magnified to unfavorable proportions. Another major factor
is the requirement that complete systemic steady state has to be reached before measuring
these concentrations. This makes its application with a foreign indicator considerably
more problematic.

Fick’s method even works with MIMO systems, provided the concentrations in all of
the inlets are the same, and similar for the outlets. This is why the application proposed
by Fick is so appealing; basically any artery (or the pulmonary veins) can be used to
measure the outlet concentration, and any vein (or pulmonary artery) to determine the inlet
concentration. However, there is one pitfall; the bronchial circulation. Approximately
1% of the blood that leaves the left ventricle (cardiac output) reaches the lungs through
the bronchial arteries, and not through the right side of the heart. So, the blood flow
determined is actually the output of the right side of the heart, being about 1% smaller
than the cardiac output.

Interpretation of Fick’s experiment

Well considered, Fick’s Principle is similar to the Stewart Principle. This can be shown
by considering the difference between in- and outlet concentrations as the outlet concen-
tration corrected for recirculation (see Section 3.2.1). Since the non-convective flux φs
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can be regarded the indicator infusion, the two principles are equivalent. Consequently,
the Fick Principle also has an graphical interpretation, just like the Stewart Principle:

F =
φs∆t

(cin(tss)− cout(tss))∆t
(3.20)

which is recognized as the amount of indicator being administered or excreted, divided
by the area under the curve (shown in Figure 3.6(b)).

3.3 Flow measurement by bolus injection

The injection of a short bolus of indicator is described by:

φt(t) = m0δ(t) (3.21)

with δ(t) the Dirac impulse, and m0 the total amount of indicator being administered. In
practice, however, such a bolus is impossible to produce. There are two reasons for this.
First of all, an infinitesimally fast injection of a finite amount m0 is impossible. Secondly,
as the bolus traverses the inlet conduit to the actual subsystem S, dispersion occurs. So, it
is more practical to describe the bolus injection as a block-shaped pulse, according to:

φt(t) =
m0

Tb
(u(t)−u(t −Tb)) (3.22)

with u(t) the unit step function as utilized before in Equation 3.14. The constant Tb

describes the width of the bolus, which depends on both the rate of injection, and on the
length of the path between the injection site and the entrance of the actual subsystem S
(the longer this trajectory, the larger Tb). It is assumed that the indicator concentration
of the infusate is chosen so high that the infusion flow can be neglected compared to the
flow F (the minimal perturbation principle).

3.3.1 The Henriques-Hamilton Principle: outlet mixing

Consider a single-outlet system, possibly having multiple inlets. In one of these inlets, a
bolus of a foreign indicator is administered, and the indicator concentration in the single
outlet is monitored. Assuming that there is no permanent storage of indicator substance
inside the subsystem, we have: ms(0) = 0 and ms(∞) = 0, with ms(t) the total amount
of indicator inside the subsystem S, as a function of time. Integrating the mass balance
of Equation 3.2 from t = 0 to t → ∞, and substitution of these two boundary conditions
gives: ∫ ∞

0

∂ms

∂t
dt =

∫ ∞

0
∑φin(t)dt −

∫ ∞

0
∑φout(t)dt

⇒ ms(∞)−ms(0) = 0 = m0 −
∫ ∞

0
φout(t)dt

(3.23)

Since the efflux φout equals Fcout, this can be written as:

F =
m0∫ ∞

0 cout(t)dt
(3.24)
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This equation, first described by Henriques in 1913 [Lassen and Perl 1979], and later by
Hamilton in 1928 [Lassen and Perl 1979], is generally known as the Henriques-Hamilton
principle. It basically says that the sum of all small fractions of indicator substance
Fcout(t)dt that leave the outlet during a small interval dt, should be equal to the total
amount administered to the system. Just like the constant infusion methods of Section 3.2,
also the Henriques-Hamilton Principle has a convenient graphical interpretation. It is eas-
ily seen that Equation 3.24 is actually nothing more than the dose over area ratio.

3.3.2 The Bergner Principle: inlet mixing

Whereas the Henriques-Hamilton principle assumes outlet mixing (that is, a single outlet),
now consider a subsystem having only one inlet and multiple outlets (inlet mixing). So,
the indicator that is administered as a bolus in the inlet will, in some way, be divided
across the outlets. Denote the total amount of indicator that leaves through outlet i by mi,
and the define the ‘recovery’ as:

Ri
def=

mi

m0
(3.25)

So, the recovery at outlet i is the fraction of the inlet bolus m0 that leaves through outlet i.
Consequently, ∑Ri = 1.

If there are no active transportation mechanisms at play inside the subsystem, the
fraction of indicator substance that leaves through any of the outlets is proportional to the
flow in that outlet. So:

Ri =
mi

m0
=

Fi

F
(3.26)

with Fi the flow in the i-th outlet, and ∑Fi = F . This equality is known as the Bergner
bolus fractionation principle [Lassen and Perl 1979].

3.3.3 The Stewart-Hamilton Equation

The well-known Stewart-Hamilton equation that is often found in literature [Elion and
Nissen 1988; Gurley et al. 1990; Nissen et al. 1986, 1988; Nissen and Gurley 1991; Simon
et al. 1990] is actually a combination of the Henriques-Hamilton Principle, and the bolus
fractionation principle developed by Bergner. The Stewart-Hamilton equation applies to
a cascade of the two systems used by the Henriques-Hamilton and the Bergner principles,
respectively (see Figure 3.4). In order to find the flow F through this cascade, we need to
express Equation 3.24 in terms of the concentrations in any of the multiple outlets cout,i(t)
of the cascaded system. Applying the Henriques-Hamilton principle to one of the outlets
i of S2 results in:

Fi =
m0 Ri∫ ∞

0 cout,i(t)dt
(3.27)

since the total amount of indicator ‘administered’ to outlet i is m0 Ri (Equation 3.25).
Substitution of the Bergner principle (Equation 3.26) into this result yields:

F =
m0∫ ∞

0 cout,i(t)dt
(3.28)
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(compare to Equation 3.24). In other words, it does not matter which of the outlets i is
sampled; they all yield the total flow F at the (required!) cross section mixing site. This
equation is normally referred to as the Stewart-Hamilton equation.

This result has an important consequence. Since all outlet concentration curves yield
the same total flow F (and not just the local flow Fi), it can be seen that the areas under
all outlet curves are the same:∫ ∞

0
cout,i(t)dt =

∫ ∞

0
cout, j(t)dt (3.29)

for any combination of i and j. Equation 3.29 offers a practical way of establishing
whether or not a physical system adheres to the requirement of having a cross sectional
mixing site. For, if the areas under the outlet concentration curves are not all equal,
such a mixing site does not exist, and hence Equation 3.28 cannot be used. It does not,
however, say anything about the shapes of these outlet concentration curves; their shapes
can be completely different in moving from outlet i to outlet j. This also means that the
sampling site is not allowed to switch between outlets during the experiment (see also
Appendix C.6).

3.4 Flow per volume by constant infusion

In order to measure the flow per volume (i.e. a mean transit time, see Section 3.1.5) using a
constant infusion, there are two different approaches. In the first approach, the amount of
indicator inside the system (the so-called residue) is determined (Section 3.4.1). The other
approach uses the inlet- and outlet concentrations. This approach, termed inlet- outlet
sampling, is described in Section 3.4.2. In both cases, a transient in the indicator infusion
is used (i.e. washin- or washout methods), unlike the methods described in Section 3.2.

3.4.1 Residue detection

Assume that it is possible to monitor in situ the amount of indicator inside the system,
ms(t) (e.g. using scintigraphy or densitometry, see Chapter 4), and that the subsystem is
in indicator steady state as a result of constant indicator infusion. At a certain time, say
t = 0, the infusion is stopped, such that the influx of indicator becomes zero. For a small
period of time after that, the efflux will continue as before, yielding a mass balance:

∂ms

∂t
= −Fcout(t) (3.30)

for t ≥ 0 and t smaller than the smallest transit time through the system. As noted before,
the outlet concentration equals the concentration inside the system at indicator steady
state (t = 0), and thus:

cout(0) = cs(0) =
ms(0)

Vs
(3.31)

Substitution of this equation into Equation 3.30 gives:

F
Vs

= − ṁs(0)
ms(0)

(3.32)
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which is the required relationship between the flow per volume, and the indicator residue.
Since this is the ratio of the derivative of ms and its initial value, there is no need to mea-
sure absolute amounts of indicator which facilitates the measurement procedure. Also,
since the inlet- or outlet concentrations need not be determined, it can be applied to
multiple-inlet multiple-outlet systems.

It is easily seen that this concept can be applied to any transient of indicator infusion,
as long as at some time before and some time after t = 0 the infusion is constant (replace
cout(∞) by the change in outlet concentration). An obvious variation of this kind is the
desaturation (or washout) experiment.

3.4.2 Inlet- and outlet sampling

In the inlet- outlet sampling approach, the flow per volume is determined by measuring
both the inlet concentration cin(t) (representing both the infusion and the recirculating
indicator substance), and the output concentration cout(t). To this extent, consider a sys-
tem like depicted in Figure 3.5, and assume that the infusion of a foreign indicator starts
at time t = 0 (see also Section 3.2). Between the start of infusion (t = 0) and the time
at which indicator steady state is reached (t = tss), the output concentration slowly ap-
proaches its maximum and final value cout(tss) = cout(∞). This period of time, between
the start of the infusion and tss, is called the washin or saturation period. During this
period, the mass balance of Equation 3.2 reads:

∂ms

∂t
= Fcin(t)−Fcout(t) (3.33)

(assuming that the rate of infusion ft is negligible compared to F , and that the non-
convective flux is zero φs = 0). Integrating this equation over time gives the amount
of indicator inside the subsystem:

ms(t > 0) = F
∫ t

0

(
cin(t ′)− cout(t ′)

)
dt ′ +ms(0) (3.34)

As already recognized in section 3.2.1, the initial amount of indicator inside the subsystem
ms(0) is zero. Furthermore, after reaching indicator steady state (t ≥ tss), we have cin(t) =
cout(t) (Equation 3.33). So, according to Equation 3.34, the amount of indicator inside
the subsystem is constant for t ≥ tss: ms(t ≥ tss) = ms(∞).

During indicator steady state, it can be assumed that the outlet concentration cout(∞)
equals the concentration inside the subsystem cs(∞), which can therefore be written as
the the amount of indicator ms(∞) divided by the volume of the subsystem, or:

cout(∞) = cs(∞) =
ms(∞)

Vs
⇒ ms(∞) = Vs cout(∞) (3.35)

Substitution of this equation in Equation 3.34 (with t = tss) yields:

F
Vs

=
c(∞)∫ tss

0 [cin(t)− cout(t)]dt
(3.36)

using the fact that, at indicator steady state, cin(∞) = cout(∞) = cs(∞) = c(∞). Since
it uses only the ratio of the height of the curve (cout(∞)) and the area between the two
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curves, there is no need to determine absolute concentrations. Also, the rate of infusion
ft ct is immaterial.

Just like the residue detection approach of Section 3.4.1, this technique can be applied
to any transient in indicator infusion with only minor modifications in the expression of
F/Vs (Equation 3.36). Unfortunately, it is only applicable to single-inlet single-outlet
systems.

The Kety-Schmidt experiment

Kety and Schmidt [1948] used a washin experiment with gas inhalation to calculate cere-
bral blood flow per gram of tissue (see Appendix C.1 to convert from a volume of distribu-
tion to tissue mass). A convenient but arbitrary inert gas was inhaled for a long time (e.g.
for 10 minutes), during which the inlet concentration cin was sampled from the brachial
or femoral artery. The outlet concentration was determined by sampling the jugular vein.
The cerebral blood flow per 100g of tissue (denoted by CBF) is subsequently expressed
as:

CBF ≈ 100λ
cout(t10)∫ t10

0 [cout(t10)− cout(t)]dt
(3.37)

with λ the blood-tissue partition coefficient (see Appendix C.1) and t10 equal to 10 min-
utes. Since it will generally take more than 10 minutes to reach state steady, this is expres-
sion is just a practical approximation, which overestimates cerebral blood flow by about
15 percent [Lassen and Perl 1979].

Using microspheres

When using microspheres, Equation 3.36 is obviously not valid (constant infusion with
microspheres is impossible). However, the required relationship between the amount of
microspheres found in a certain perfusion area, and the (local) blood flow through that area
is based on a similar argumentation as used for deriving Equation 3.36. Assuming a bolus
injection of microspheres, Equation 3.34 applies, with cout(t) = 0 due to the entrapment
of the microspheres. Since the resulting residue of microspheres ms(∞) can be measured
directly (see Appendix C.3), we can rewrite Equation 3.36 as:

F =
Vs · c(∞)∫ ∞
0 cin(t)dt

=
ms(∞)∫ ∞

0 cin(t)dt
(3.38)

The inlet concentration cin(t) is normally determined by taking arterial blood samples
during and after the intravascular injection of the microspheres.

3.5 Flow per volume by bolus injection

Similar to the flow per volume methods during constant indicator infusion (Section 3.4),
there are two complementary variations to using a bolus injection to measure flow per
volume: one using residue detection, and the other using the inlet- outlet concentrations.
Since the concepts of these two approaches are quite different, they will again be dis-
cussed in two separate sections, Sections 3.5.1 and 3.5.2, respectively.
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3.5.1 Residue detection

The residue detection technique in a bolus injection experiment is based on the stimulus-
response theorem as described in Section 3.1.4. The corresponding constant infusion ex-
periment was described in Section 3.4.1, the result of which can be written as (continuous
infusion):

F
Vs

= − ṁs(0)
ms(0)

=
φ

ms

∣∣∣∣
ind. steady state

(3.39)

with φthe total indicator flux through the system and ms the amount of indicator inside the
system, during indicator steady state. This ratio of flux and residue (the right hand side
of Equation 3.39) can be considered the ratio of a stimulus (the flux) and the correspond-
ing response (the residue), during indicator steady state. Applying the stimulus-response
theorem of Equation 3.10 therefore results in (bolus injection):

F
Vs

=
φ(∞)

ms(∞)
=

∫ ∞
0 φdt∫ ∞

0 ms(t)dt
=

m0∫ ∞
0 ms(t)dt

(3.40)

Since the integral of the flux through the system is the same throughout the system, we
simply used the flux due to the bolus injection (

∫ ∞
0 φdt = m0, see Equation 3.21). The

amount of indicator administered (m0) is conveniently determined as the maximum value
of ms(t), assuming a sufficiently fast bolus injection to prevent efflux of indicator be-
fore the complete bolus has entered the subsystem S (that is, the bolus is shorter than
the shortest transit time trough the system). This results in Zierler’s height-over-area
method [Lassen and Perl 1979]:

F
Vs

=
mmax∫ ∞

0
ms(t)dt

(3.41)

with mmax the maximum value of ms(t).

3.5.2 Inlet- and outlet sampling

As derived in Section 3.1.5, the ratio of flow and volume equals the mean transit time of
individual particles of the fluid (see Equation 3.12):

F
Vs

= t̄ =
∫ ∞

0
t ·h(t)dt (3.42)

The system’s transfer function h(t) is unavailable in most practical applications, but t̄
can nevertheless be estimated based on the inlet- and outlet indicator concentrations. On
average, the particles of the indicator substance enter the system at time t̄in, and leave at
time t̄out:

t̄in =
∫ ∞

0 t · cin dt∫ ∞
0 cin dt

t̄out =
∫ ∞

0 t · cout dt∫ ∞
0 cout dt

(3.43)
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independent of the shape of the bolus (based on a similar argumentation as used for Equa-
tion 3.12). Consequently, the mean transit time t̄ is given by:

t̄ =
Vs

F
= t̄out − t̄in (3.44)

If the bolus injection is sufficiently short, and very close to the inlet of the subsystem S,
the time t̄in can be approximated by the time of injection.

3.6 Compartmental analysis

In compartmental analysis, a system is divided into a small number of distinct subsys-
tems or compartments. By describing the dynamics of their internal behaviors as well as
their mutual relationships, this enables accurate descriptions of observed behavior, and of
hidden internal processes [von Schulthess et al. 1997].

One form of compartmental analysis is the description of a system in terms of transfer
functions, one transfer function for each compartment (see Section 3.1.4). A distinctive
property of these transfer function models is that each compartment can have only a sin-
gle input and a single output (SISO), as opposed to more general compartmental models
describing e.g. chemical reaction kinetics [von Schulthess et al. 1997]. Systems contain-
ing multiple-input multiple-output (MIMO) compartments cannot simply be described by
cascading the transfer functions of all compartments constituting the overall system (i.e.
convolving the impulse response functions).

Consider a simple SISO system, for example the system as shown in Figure 3.5, and
suppose we are interested in determining its impulse response function hi j(t) (see Sec-
tion 3.1.4) from the inlet concentration cin (the input) to the outlet concentration cout (the
output). Since such a compartment is normally described mathematically by a differential
equation, the input is supplied with a unit impulse (Dirac pulse):

cin(t) = δ(t) (3.45)

such that the observed or calculated output equals the impulse response function. For this
to be true, the amount of indicator inside the complete system (including the compartment
under investigation) is assumed to be zero at time t = 0 (the indicator injection time).
Using the Stewart-Hamilton equation (see Section 3.3), the amount of indicator that is
needed to produce an inlet concentration as given by Equation 3.45 (given the flow F) is
calculated as:

m0 = F
∫ ∞

−∞
cin(t)dt = F · ζ (3.46)

with ζ = 1 a constant to convert from flow [ml/s] to amount of substance [g]:

ζ = 1 [g s/ml] (3.47)

Using this setup, it is easily shown that the integral of the impulse response function for a
SISO system equals 1 (one). For, applying the Stewart-Hamilton equation on the output
gives (using Fout = Fin = F and Equation 3.7):

F = Fout =
m0∫ ∞

−∞ cout(t)dt
=

Finζ∫ ∞
−∞ (cin ∗h)(t)dt

(3.48)
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which yields:∫ ∞

−∞
h(t)dt = 1 (3.49)

after substitution of Equation 3.45. This is a verification of the Law of Conservation of
mass; if the impulse response function of a system is not unity, it either has multiple in-
or outlet, or it is not conservative.

These results will be used in the following sections to derive impulse response func-
tions of some common basic system models. In circulatory studies, the most important
basic compartments are a single vessel, a mixing chamber, and a “convective spaghetti”
model. By cascading two or more of these compartments, the well known lagged-normal
and the gamma function models are obtained.

3.6.1 A single vessel

The simplest model of ideal fluid flow through a conduit of length L is plug flow, charac-
terized by a uniform velocity profile and a unit delay as impulse response function:

hplugflow(t) = δ(t −TL) (3.50)

with TL the transit time:

TL =
L
v0

(3.51)

in which v0 denotes the linear velocity. Unfortunately, plug flow is not a realistic model,
except for very small vessels. A more realistic model is Poiseuille flow, in which the flow
is divided into thin layers (laminae) of uniform velocity (see Equation 2.1). The impulse
response function corresponding to Poiseuille laminar flow is derived in Appendix C.4 to
be [Lubbers et al. 1993; Verhoeven 1985]:

hpoiseuille(t) =

{
TL
t2 for t ≥ TL = L/v0,

0 otherwise
(3.52)

But, as shown in Appendix C.4 as well, Poiseuille flow does not correspond to actual
arterial blood flow either (see also Section 2.1.1). A heuristic flow profile was therefore
suggested (Equation 2.2) having an impulse response function equal to:

hvessel(t) =

{
3

TL
exp

(
−3( t

TL
−1)

)
for t ≥ TL,

0 otherwise
(3.53)

This profile is blunter than Equation 2.1, describing a more plug-like flow with less dis-
persion (v0/v̄ = 1.27). This coincides with the observed washout of indicator in arterial
flow, which is faster than what is predicted by Equation 3.52 [Schrijver et al. 1999a].
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F
F

Figure 3.7: Model of a mixing chamber of volume V .

3.6.2 A mixing chamber

A mixing chamber with volume V can be modelled as shown in Figure 3.7. Since com-
plete mixing is assumed, the concentration of indicator in the efflux equals the indicator
concentration in the reservoir. So, applying the mass balance (Equation 3.2) to this sys-
tem, using Equations 3.45 and 3.46 yields:

∂c
∂t

=
Fζ
V

δ(t)− F
V

c(t) (3.54)

with c = m/V the indicator concentration in the system. Solving this differential equation
for t ≥ 0 yields the impulse response function [Harris and Newman 1970]:

hmixing(t) =

{
1
τ exp

(−t
τ
)

for t > 0,

0 otherwise
(3.55)

with time constant τ = V/F > 0. Note that other types of compartments (i.e. compart-
ments without complete mixing) can have a similar mono-exponential impulse response
function [Lassen and Perl 1979]. So, based on the observed behavior at the outlet, it is
not possible to deduce whether or not complete mixing occurs.

The gamma-function model

To model tissue perfusion, a large number of equal mixing chambers (each with volume
V ) can be cascaded, resulting in a series of differential equations, one for each compart-
ment [Harris and Newman 1970]:

∂cs1

∂t
=

Fζ
V

δ(t)− F
V

cs1(t)

∂cs2

∂t
=

F
V

(cs1(t)− cs2(t))

...

∂csN

∂t
=

F
V

(
cs(N−1) (t)− csN (t)

)
(3.56)
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using csi to denote the concentration in compartment i, and assuming a contrast injection
according to Equation 3.45. Solving these equations for the concentration in the last
(downstream) compartment, csN (t), yields:

hgamma(t) = csN (t)

=

{(
F
V

)N tN−1

(N−1)! exp
(−F

V t
)

for t > 0,

0 otherwise

(3.57)

This expression resembles a gamma function of the form atαe−t/τ with a some constant
to make the integral over time equal to 1 (one), hence the name of the model.

Mixing in the heart chambers

The impulse response function of Equation 3.55 coincides with experimental data pro-
vided the flow is stationary. Although that is generally not the case in (human) circulatory
studies, the model performs well in e.g. peripheral and cerebral circulation compartments
where the volume and flow are reasonably constant. An important counter example is the
heart (either the left or the right atrium/ventricle combination). Verhoeven [1985] there-
fore developed an analogous model, which describes the dilution of the indicator by a
factor Vsyst/Vdiast every heart beat (of duration Tecg), with Vdiast and Vsyst the end-diastole
and end-systole volumes, respectively:

c(kTecg) =
m(kTecg)

Vdiast
=

c
(
(k−1)Tecg

) ·Vsystole

Vdiast

=
m0

Vdiast

(
Vsystole

Vdiast

)k

=
m0

Vdiast
(1−EF)k , for k ∈ N

(3.58)

where EF denotes the ejection fraction (EF = (Vdiast −Vsystole)/Vdiast), see Section 2.3.2.
For convenience, a continuous time approximation to the impulse response function is
derived from this difference equation [Verhoeven 1985]:

hventricle(t) =

{
1
τ exp

(
− t−Tecg/2

τ

)
for t > Tecg/2,

0 otherwise
(3.59)

with:

τ = − Tecg

ln(1−EF)
(3.60)

Comparing this result to the general mixing chamber of Equation 3.55 reveals only minor
differences: a delay equal to Tecg/2, and a different way of calculating the time constant
τ.

3.6.3 The “convective spaghetti” model

A useful model of the perfusion of tissues and organs is the so-called convective spaghetti
model [Lassen and Perl 1979; Meier and Zierler 1954]. In this model, it is assumed that
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the flow F (after cross sectional mixing) is uniformly divided into a large number of small
conduits running through the tissue. Since these conduits are small, the flow in each of
these conduits is assumed to be plug flow (Equation 3.50). At the output of the system,
these plug flows are collected into a single outlet flow F , such that the overall impulse
response function is (note that the flow in each small conduit is F/N with N the number
of such conduits):

hspaghetti(t) =
1
N

N

∑
i=1

hplugflow,i(t) (3.61)

Using Equation 3.50 and assuming a Gaussian distribution of transit times TL,i of the small
conduits, this can be expressed as [Eigler et al. 1989]:

hspaghetti(t) =

{
1√

2πσ2 exp
(
− (t−Tc)2

2σ2

)
for t > 0,

0 otherwise
(3.62)

This models the dispersion of transit times secondary to different path lengths and differ-
ent flow velocities. The constant Tc is the average transit time, with variance σ2. Strictly
speaking, this only holds for N → ∞ but in practice the impulse response functions of the
individual channels are no perfect Dirac pulses, which makes this approximation valid
even for N < ∞. Note however, that this model is limited in the sense that there is no
mixing between the channels. In normal tissue, many interconnections between channels
exist, such that the convective spaghetti model must be cascaded with a mixing chamber
in order to resemble practical tissue perfusion, known as the lagged-normal model [Eigler
et al. 1989; Harris and Newman 1970]:

hlagnorm(t) =
(
hspaghetti ∗hmixing

)
(t) (3.63)

with parameters τ = Vmixing/F of the mixing chamber, and Tc and σ2 of the convective
spaghetti model.

3.7 Summary

In this chapter, six methods are compared to measure flow (or flow per volume) based on
indicator dilution theory (see Table 3.1 and Section 3.1.5). The most important methods
for the rest of this text are the Stewart-Hamilton equation (Equation 3.28):

F =
m0∫ ∞

0 cout,i(t)dt
(3.64)

and the transit time method (flow per volume by bolus injection and inlet- outlet sampling,
Equation 3.44):

t̄ =
Vs

F
= t̄out − t̄in (3.65)

By measuring indicator concentrations by cardiac imaging modalities as explained in the
next chapter, Chapter 4, these two methods allow practical implementations of coronary
blood flow measurements (see Chapter 5).
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Name Eq. Type h(t) = t ≥ MTT Parameters

hplugflow 3.50 tube δ(t −TL) TL TL = L/v0

hpoiseuille 3.52 tube TL
t2 TL 2 TL TL = L/v0

hvessel 3.53 tube 3
TL

exp
(
−3( t

TL
−1)

)
TL 1.27 TL TL = L/v0

hmixing 3.55 mixing 1
τ exp

(−t
τ
)

0 τ τ = V/F

hgamma 3.57 tissue atα exp(−t/τ) 0 NV/F N and τ = V/F

hventricle 3.59 mixing 1
τ exp

(
− t−Tecg/2

τ

)
Tecg/2 τ +Tecg/2 τ = − Tecg

ln(1−EF)

hspaghetti 3.62 tissue 1√
2πσ2

exp
(
− (t−Tc)2

2σ2

)
0 Tc Tc and σ2

hlagnorm 3.63 tissue
(
hspaghetti ∗hmixing

)
(t) 0 Tc + τ τ, Tc, and σ2

Table 3.2: Overview of the impulse response models and their parameters. The mean
transit times (MTT, or t̄) are the first moments of the impulse responses, according to
Equation 3.12 [Harris and Newman 1970].

Next to these flow measurement principles, this chapter also shows several models of
vascular flow and tissue perfusion (see Table 3.2 and Figure C.2 in the Appendix). Of
particular interest in the sequel are the impulse response functions of a vessel segment
(Equation 3.53:

hvessel(t) =

{
3

TL
exp

(
−3( t

TL
−1)

)
for t ≥ TL,

0 otherwise
(3.66)

and the impulse response function of an ideal mixing chamber (Equation 3.55):

hmixing(t) =

{
1
τ exp

(−t
τ
)

for t > 0,

0 otherwise
(3.67)

with τ = V/F > 0. These two models will be used in Chapter 5 to model the characteris-
tics of so-called time-density curves.



Chapter 4
MEDICAL IMAGING IN

CARDIOLOGY: ANGIOGRAPHY

Medical imaging is an indispensable tool in the diagnosis and treatment of coronary artery
disease (CAD). In this context, X-ray angiography has been the preferred modality for
decades. Only recently has its monopoly been challenged by emerging imaging technolo-
gies like ultrasound, computed tomography, and magnetic resonance imaging. Each of
these imaging modalities has specific properties and characteristics that make it suitable
for some specific applications, and less suitable for others. This chapter will therefore
start by giving an overview of the available imaging modalities and their capabilities in
assessing the severity of coronary stenoses (Section 4.1). It will turn out that, although
more modern imaging modalities exist, X-ray angiography offers some beneficial proper-
ties for the analysis of coronary stenoses.

The second part of this chapter provides a more detailed account of the fundamentals
of (digital) coronary X-ray angiography (Sections 4.2 through 4.5). After introducing the
concepts of X-ray angiographic image generation in Section 4.2, the various factors that
influence the image quality are described in Section 4.3. In section 4.4 common pitfalls
in interpreting coronary angiograms are enumerated, and the main digital techniques in
coronary angiography are described in Section 4.5, with a focus on densitometry. The last
section of this chapter (Section 4.6) briefly summarizes the concepts and equations that
will be utilized in Chapter 5 to measure coronary blood flow.

4.1 Imaging modalities

From a technical point of view, the set of imaging modalities proves to be so diverse that
comparing them is impossible without imposing additional boundary conditions such as a
specific application or task. Most overviews of the imaging modalities in literature focus
on cardiac imaging in general, and only skim the subject of quantitative measurement
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of coronary blood flow and myocardial perfusion [de Feyter et al. 2000; Frank 1997;
Gradus-Pizlo et al. 1999; van der Wall et al. 1995]. The overview in this section, on the
other hand, will focus on the specific requirements for assessing coronary stenosis severity
by flow and perfusion measurements (similar overviews have been presented by Kern
[2000]; Marcus et al. [1987]; Nitenberg and Antony [1995]; Vassalli and Hess [1998]).
Although the coming sections will not explain the normal operation of the various imaging
modalities, they will give the fundamental physical and technical limitations that make
one modality more suitable for measuring blood flow and perfusion than another. After
enumerating the most important imaging modalities in Sections 4.1.1 through 4.1.7, a
summary is given in Section 4.1.8. For background information on the internal operation
of the various imaging modalities, refer to e.g. Robb [1998, 2000]; Suetens [2002], and
especially to von Schulthess and Hennig [1997] who provide more detailed technical data.

4.1.1 X-ray Angiography (XA)

Exposing the heart to X-rays in order to produce an image of its anatomical or vascular
structures is in itself not very useful as the typical absorption of the radiation by the
heart is similar to that of the surrounding tissues. So, the exposure is normally combined
with the administration of a contrast agent which causes a pronounced contrast against
the other structures in the X-ray image, a technique known as angiography [Conti 1977;
Verhoeven 1985]. By advancing a catheter through a major artery and positioning the
tip in the ostium of the coronary artery, the contrast material opacifies only the coronary
artery of interest. This protocol, known as cardiac catheterization, has been the standard
procedure to diagnose CAD and to provide guidance during intraluminal interventions for
more than two decades.

Advantages

Angiocardiography has earned its special status due to a number of hard-to-beat advan-
tages over its competitors [Kalender and Suess 1997; Mancini 1991]:

• Relatively inexpensive equipment that is readily available in most hospitals, even
in less-developed countries. All cardiologists are familiar with the equipment, and
have experience in interpreting the resulting images.

• The equipment is relatively small, enabling the physician to acquire images during
interventional (surgical) procedures.

• Superior spatial resolution of less than 0.5 millimeter per pixel.
• Relatively short imaging procedures, facilitating clinical planning.
• High temporal resolution (acquisition time in the millisecond range, and repetition

times up to a few hundred frames per second), thereby eliminating motion blurring
secondary to fast moving objects (such as the heart) and enabling dynamic evalua-
tion of wall motion and blood flow/perfusion measurements.

• Immediate availability of the data (without post-processing), with fast replay op-
tions (helpful in e.g. ‘road-mapping’ the coronary tree). Since there is no segmen-
tation or a similar process is involved, it is very unlikely that perceived phenomena
are artificial.



4.1. IMAGING MODALITIES 69

• Visualizes the complete coronary tree or ventricular contour such that pathological
motion defects (hypokinesia) and vascular abnormalities can be recognized.

• The interaction between radiation and tissue is described by a simple relation, en-
abling quantitative analysis of the grey-scale values. This opens fascinating possi-
bilities in digital subtraction techniques, and the quantitative determination of dye
concentrations (densitometry).

Disadvantages

Unfortunately, X-ray angiography is also associated with some severe disadvantages
and limitations, especially in the geometrical quantification of coronary artery disease
(see Topol and Nissen [1995] for a more thorough description of this aspect and its clini-
cal ramifications):

• Exposure to ionizing radiation.
• An invasive procedure due to the introduction of a catheter in one of the major

arteries, requiring local anesthesia, admission into hospital, and sometimes micro-
surgery.

• Risk of complications, e.g. plaque rupture due to the insertion of the catheter,
embolization, puncture of the vessel wall. Also, the anticoagulation medication
may cause internal bleedings or cerebral infarcts.

• The use of iodine contrast agent that may cause allergic reactions, discomfort (e.g.
heat sensation), or may even be toxic in higher doses.

• Relatively low image contrast and little contrast resolution. The images are noisy,
geometrically distorted, and contain many background structures. Also, effects like
X-ray scatter, veiling glare, beam hardening, and a finite focal spot size deteriorate
the images.

• The images are only two-dimensional projections of a (moving) three-dimensional
object, causing ambiguities, overlap, foreshortening (the effect that the vessels ap-
pear to be shorter due to their projection in space), and misleading arterial diameter
readings.

• The visual inspection of the resulting angiograms is prone to inter- and intra-
observer variabilities.

Future developments

Current and future research in X-ray angiography focuses, amongst others, on the
development of flat-panel detectors and monochromatic X-ray sources (synchrotron
sources) [Dix et al. 2001]. A monochromatic source prevents the occurrence of beam
hardening such that the normally used pre-filtering with aluminum or copper plates can
be omitted. Obviously, this improves image quality, decreases the X-ray dose, and above
all, opens an array of new possibilities (see Section 4.5.3). There are also developments
towards tomographic reconstructions from multiple two-dimensional images that are ac-
quired during a single continuous sweep, so called rotational angiography [Tommasini
et al. 1998]. However, the problems associated with cardiac motion have to be dealt with
before routine application in cardiology is to be expected (Section 4.5.2).
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4.1.2 Computed Tomography (CT)

Computed Tomography (CT) also uses X-rays to visualize internal structures of the body.
By measuring the X-ray absorption in many different directions, a tomographic recon-
struction algorithm yields cross-sections of the spatial distribution of the absorbing tis-
sues [Kalender and Suess 1997]. Due to its different type of detectors as compared to
planer radiography (Section 4.1.1), CT is more sensitive, has a higher contrast resolu-
tion, and the effects of scatter are less severe (most scattered radiation never hits the
detector, except for cone-beam CT, see below). The contrast agent can be administered
intravenously, diminishing the invasiveness of the protocol, and the higher sensitivity en-
ables the detection of calcium in the intraluminal deposits (see Section 2.3.1) [de Feyter
et al. 2000; Frank 1997; Fusman and Wolfkiel 1995]. Unfortunately, the limited spatial
resolution (in the order of 1 mm cubed) does not allow assessment of stenosis geometry,
especially not of the distal segments of the coronary tree [de Feyter et al. 2000; Masuda
et al. 1984].

Sequential CT

In order to apply CT imaging to the heart, the speed of the acquisition is of primary im-
portance. The slowest type of CT scanners is sequential CT, which acquires a single slice
through the body, after which the rotation of the gantry is stopped, the patient support ta-
ble is moved forward, and the next slice is acquired. Under research conditions, sequential
CT can be used to measure cardiac output, ejection fraction, ventricular wall motion and
thickening, and also epicardial blood flow and myocardial perfusion [de Feyter et al. 2000;
Georgiou et al. 1994; Kalender and Suess 1997]. However, it requires cardiac gating to
obtain a three dimensional volume without any motion artifacts, which severely prolongs
the procedure. An alternative is to acquiring only a single slice at multiple phases of the
cardiac cycle, enabling the analysis of ventricular wall motion and densitometric perfu-
sion measurements. However, the accurate and reproducible determination of the scan
area is problematic. Also, out-of-plane motions cause undetectable image artifacts, up-
setting accurate quantitative motion measurements.

Fast CT: spiral and electron-beam CT

In spiral (or helical) CT, the source and detector rotate continuously around the body,
while the support table is slowly translated through the gantry. This results in a much
faster acquisition rate, as it does not require the ‘stop-and-go’ operation of sequential
CT. With a multislice spiral CT scanner (also known as cone-beam CT) and retrospective
cardiac gating, four-dimensional datasets (three dimensions in space, and the fourth in
time) can be acquired [Achenbach et al. 2001]. Similar results are obtained with the
ultimate CT scanner ever built, the Dynamic Spatial Reconstructor (DSR) [Ritman 1994b;
Robb 2001]. This machine, built in 1975 by the Mayo Clinic in Rochester, Minnesota,
was unique in the fact that it had a set of 14 X-ray sources and 14 detectors. By rotating the
huge gantry around the patient, full-motion three-dimensional volumes where acquired in
real time [Block et al. 1984; Ritman 1994a]. Unfortunately, this machine proved to be
too big and too costly to maintain, even for research purposes. Also, a huge X-ray dose
was required as a result of the low efficiency of the detectors. But, well considered, the
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modern multi-detector (cone-beam) spiral CT scanners are evolving towards something
very similar to the DSR.

The fastest but also the most expensive commercially available CT scanner is the
(multi-detector) electron-beam computed tomography (EBCT) scanner [Achenbach et al.
2001; Georgiou et al. 1994]. Instead of having an X-ray source and detector combination
physically encircling the patient, an electron beam is electrostatically deflected to hit a
static half-circular anode. The X-rays that are emitted by this anode traverse the patient,
and hit one or more rings of detectors opposing the anode. This way, multiple slices (i.e.
a small volume) can be acquired in a matter of milliseconds, enabling the assessment of
myocardial perfusion based on the same techniques used in (planer) X-ray angiography
(see Chapter 5) [Georgiou et al. 1994; Miles 1991; Wang et al. 1989; Wolfkiel et al. 1987].

Prospects

Although CT is a promising technique in cardiology (especially electron beam CT due
to its speed), its application will be limited to studies of the gross anatomy and function
of the heart proper, since its spatial resolution is too low to study the coronary vessels
quantitatively.

4.1.3 Magnetic Resonance Imaging (MRI)

In Magnetic Resonance Imaging (MRI), the contrast in the image reflects the different
atomic behaviors of hydrogen atoms in varying substances and concentrations. The spe-
cific behavior that is used for this purpose is the relaxation of a nucleus spin (excited by a
so-called RF-pulse) under the influence of a strong external magnetic field. By spatially
varying this magnetic field (the so-called gradients), the origin of the electromagnetic
signal emitted by the spinning nucleus is encoded. The advantages of MRI over CT are
mainly its superior soft-tissue contrast, and its non-invasiveness (no ionizing radiation, no
contrast injection) [Hennig 1997]. This makes MRI the preferred modality for preventive
screening and follow-up studies in cardiology, despite its higher costs. Due to the huge
number of MRI system parameters and possible RF- and gradient pulse sequences, the
equipment can be fully tailored to each specific application.

Disadvantages

A major disadvantage of MRI is its relatively complex operation and maintenance, which
requires considerable investments in personnel next to the high investments for the scan-
ner itself. Another disadvantage is the physical limitation to the maximum performance
achievable (in terms of resolution and acquisition speed). This is due to the fact that
during each excitation only a limited number of points in k-space (the Fourier transform
of the three-dimensional space) can be sampled, after which a period of relaxation is re-
quired (typically in the order of seconds). Although this time can be used to acquire data
at another spatial location and it can be shortened by a so-called spoiler pulse, the limited
number of samples influences the spatial resolution of the reconstructed image. So, in
general, there is a tradeoff between the acquisition speed on one side, and the spatial reso-
lution or size of the scan area on the other. Finally, the strong magnetic field surrounding
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the MRI scanner is also a major disadvantage, requiring expensive shielding of the ex-
amination room. Instruments made of special materials are needed to perform clinical
procedures during the examination (preferably in conjunction with an open-MRI system
to improve accessability to the patient and decrease symptoms of claustrophobia). All
metallic objects, such as belt-buckles, pacemakers, and dental- and orthopedic-prostheses
may move, heat up, or induce electric currents. Next to increasing the risk of collat-
eral damage, these metallic objects can also causes image artifacts, thereby limiting the
application of MRI to patients without implanted (metallic) prostheses.

As said, MRI offers many possibilities to tailor the equipment and the imaging pro-
cedure to each specific task. It is beyond the scope of this text to describe all these
variations; there are simply too many [Bluemke and Halefoglu 1999; Croisille and Revel
2000; Hennig 1997]. The following variations are believed to be especially suited to
clinical cardiology [van der Wall et al. 1995].

Cine-MRI

Cardiac gated fast gradient-echo MRI with limited flip angles (cine-MRI) during breath-
hold is well suited to determine cardiac anatomy and global cardiac function (ejection
volume, ejection fraction, and wall thickening) [Croisille and Revel 2000]. Just like CT,
there are some reports that show the feasibility to visualize the proximal epicardial ar-
teries [McConnell et al. 1995; Regenfus et al. 2000]. However, there are a number of
factors contributing to the inability of MRI to reliably assess coronary stenosis location,
geometry, and severity in a clinical setting [Croisille and Revel 2000; de Feyter et al.
2000]:

• low image quality due to motion artifacts,
• low spatial resolution causing partial volume effects,
• mis-registration of slices due to irregular heart rate or breathing,
• intravoxel phase dispersion due to complex (turbulent) flow at the stenosis,
• inability to distinguish normal antegrade flow from retrograde filling,
• inability to distinguish some types of plaque compositions from blood.

The development of very fast MRI imaging sequences, like HASTE (half Fourier acqui-
sition with single shot turbo spin echo), EPI (echo planer imaging), and SENSE, mitigate
some of these problems [Croisille and Revel 2000; Suetens 2002]. Unfortunately, the
trade-off between spatial resolution and the field-of-view still limits the application of
MRI in interrogating the coronary arteries.

Phase-velocity mapping

The de-phasing of the nuclei spins due to moving objects can also be exploited to visualize
these motions. This phase-velocity mapping technique enables for example the visualiza-
tion (and quantification) of blood flow through the cardiac chambers or the aorta [Croisille
and Revel 2000; Hundley et al. 1999]. By measuring the velocity in three orthogonal di-
rections, the perfusion directions and velocities through the different layers of the ventric-
ular wall can be obtained. However, the usability in clinical practice of this development
is still to be explored.
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Magnetic Resonance Angiography (MRA)

The natural de-phasing secondary to moving objects is also exploited in magnetic reso-
nance angiography (MRA), in which the signal corresponding to flowing blood is ampli-
fied considerably compared to the background. One approach is Time-of-Flight (TOF)
MRA, in which the tissue in a certain slice is saturated (giving a relatively weak signal),
such that the blood that flows perpendicularly into this slice is strongly opacified [Suetens
2002]. Another approach uses special MR contrast agents, such as gadolinium chelates
(contrast enhanced MRA) [Fischer and Lorenz 1997; Frank 1997; Fröhlich et al. 1997].
Unfortunately, the quantitative evaluation of the results is difficult due to the complex re-
lation between contrast agent concentration and the feature eventually being measured by
the MRI protocol (such as T1 or T2 relaxations).

Myocardial tagging

Another technique with high potential in cardiology is myocardial tagging MRI. By tag-
ging specific myocardial locations with special RF pulses (fiducial markers), these loca-
tions can be tracked through time, enabling the visualization and measurement of ventric-
ular wall mechanics. To fully develop its diagnostic potential, the spatial resolution of the
tagging pattern should be improved, as well as its temporal resolution.

4.1.4 Echocardiography (Ultrasound, US)

In echocardiography, ultrasonic sound waves are emitted by a transducer. A part of the
energy of these waves is reflected from interfaces between different types of tissues ex-
hibiting different impedances to the waves. These reflected waves (echoes) are detected
by the transducer, and by measuring the delays between the wave emission and the echoes,
the spatial locations (i.e. the depths) of the tissue interfaces are reconstructed (assuming
a constant speed of sound in tissue). The ultrasound equipment is typically small and in-
expensive, and delivers cross sectional images without off-line post-processing, at a high
frame rate, and with little safety risks (small thermal and mechanical effects on tissue are
known) [Wells 1997]. These properties make it the perfect modality for wide-spread ap-
plication in preventive screening, in follow-up studies, in substantiating vague complaints
and symptoms, and also in intra-operative guidance [Feigenbaum 1998].

Trans-Thoracic Echocardiography (TTE)

With Trans-Thoracic Echocardiography (TTE), being the least invasive approach, the spa-
tial resolution is limited by the relatively low frequency that has to be used in order to
obtain sufficient penetration depth. Also, the ultrasound probe has to be positioned such
that the sound beam is not attenuated by either the ribs, the lung, or considerable fat lay-
ers. This restricts the access to a small set of ‘windows’ (parasternal long- and short-axis
views, LX and SX, and apical two- and four chamber views, 4C and 2C), and requires
careful positioning of the patient [Feigenbaum 1998]. As a result, TTE is most useful
in cardiology to assess left ventricular function (hypokinesia) or (congenital) anomalous
anatomy of e.g. the cardiac valves (B- and M-modes with color coding of functional
information), and not so much for visualizing the coronary arteries.
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Alternatives to TTE

To overcome the group of problems consisting of penetration depth, spatial resolution, and
attenuation by some tissues, two other approaches exists which are, however, more inva-
sive than TTE. These two approaches, Trans-Esophagal Echocardiography (TEE), and
intra-cardiac echocardiography (using an intraarterial ultrasound catheter), allow limited
access to some proximal parts of the coronary tree. As the view area of these approaches
is limited (and provides only cross sections), locating individual coronary lesions proves
to be hard.

Strictly speaking, Intravascular Ultrasound (IVUS) is a third alternative to TTE. Since
IVUS investigates the arteries from the inside (intravascular), whereas the current discus-
sion mainly focuses on external investigative methods (perivascular), the discussion of
IVUS is postponed to Section 4.1.6.

Functional imaging with TTE

Partly due to its favorable properties in terms of costs, risks, and speed, echocardiogra-
phy has been the subject of many research projects in order to fully exploit its potential
in (functional) imaging of the heart. The resulting techniques include measurement of
ventricular wall geometry in three dimensions [Belohlavek et al. 2001; Franke et al. 2000;
Nelson and Pretorius 1998] and in four dimensions [Beach et al. 1997; Gerber et al. 1994],
and its motions (tissue-Doppler (TD), tissue harmonic imaging, color kinesis, myocardial
stress and strain imaging) [Ofili and Nanda 1998; Segar 1998]. Another group of methods
focus on the assessment of blood flow and perfusion by either Doppler techniques [Wells
1997], or by using microbubbles as contrast material (Myocardial Contrast Enhanced
(MCE) ultrasound) [Frinking et al. 2000; Kaul 2000; Keller et al. 1988]. These ultrasound
contrast materials are solutions or emulsions of gas bubbles smaller than 8 µm in diameter
to allow them to cross the capillary bed of the lungs. Their specific (mechanical) proper-
ties are used to advantage in techniques like clutter rejections using (sub-)harmonics, or
the use of pulse inversion [Caiati et al. 1999; Frinking et al. 2000]. These techniques are
especially necessary in perfusion studies, as the flow velocity of the blood in the capil-
lary bed is of the same order of magnitude as the velocity of the ventricular wall during
the cardiac cycle. But all these developments still suffer from the limited spatial resolu-
tion, noise, and the attenuation of the sound waves by the ribs, the lung, and fat tissues.
Echocardiography is therefore not suited to interrogate individual coronary lesions, let
alone to find these arterial lesion in suspected or asymptomatic coronary artery disease.
Also, the speed of sound in tissues limits the maximum acquisition speed, especially in
the more complex physiological imaging protocols like color-flow mapping.

4.1.5 Nuclear imaging (PET/SPECT)

In nuclear imaging, photon- or positron emitting radiopharmaceuticals are introduced into
the body, such that the presence and amount of these radiopharmaceuticals can be detected
by one or more detectors surrounding the subject. Because of the low spatial resolution
of nuclear imaging modalities (multi-millimeter), and the fact that the diffusion of most
radiopharmaceuticals is not strictly limited to the organ boundaries, accurate delineation
of the contours of specific organs is difficult [Burger and von Schulthess 1997; Thirion
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and Benayoun 2000]. Nuclear imaging is therefore primarily used to obtain (quantita-
tive) functional information, for which it is well suited [Bengel and Schwaiger 1998;
Burger and von Schulthess 1997; Robb 1998]. Since the contrast in the image is only
caused by the presence of the radionuclide, only trace amounts of radiopharmaceuticals
are needed to get a sufficient signal-to-noise ratio (in the pico- to nano-molar concentra-
tion range) [Fröhlich et al. 1997]. However, such trace amount require longer acquisition
times to compensate for the small radiation dose, thereby reducing the temporal resolu-
tion. Other disadvantages are the long duration of the overall procedure, and the high costs
involved. Despite these disadvantages, nuclear imaging is routinely applied to (quantita-
tively) assess renal and thyroid-gland function, to quantify myocardial and cerebral per-
fusion, and in oncology to establish the presence and malignancy of lesions (tumors). In
cardiology, its primary use is in determining cardiac function (i.e. cardiac output and
ejection fraction), myocardial perfusion, and myocardial metabolic uptake (myocardial
viability) [Burger and von Schulthess 1997].

Single-Photon Emission Computed Tomography (SPECT)

The simplest nuclear imaging systems consist of a single (static) gamma camera that
captures a two-dimensional projection of the spatial distribution of photon-emitting ra-
diopharmaceutical at resolutions of up to 2 mm squared (scintigraphy). By replacing the
single static camera by one or more cameras revolving around the subject, tomographic
cross-sections can be computed, leading to Single-Photon Emission Computed Tomogra-
phy (SPECT) [Burger and von Schulthess 1997; Robb 1998]. Due to their relatively long
half-times, photon-emitting (SPECT) radiopharmaceuticals can be manufactured in a re-
mote plant, which reduces the costs considerably. Unfortunately, the choice in SPECT
radionuclides is limited to some atoms with high atomic weights, limiting the applica-
bility of this modality to the study of some specific organs and processes. In cardiol-
ogy, commonly used radiopharmaceuticals are Thallium-201 (as a monovalent cation)
or Technetium-99m sestamibi for the assessment of myocardial perfusion [Frank 1997;
Ritchie et al. 1977].

Positron Emission Tomography (PET)

Positron Emission Tomography (PET) uses a different type of radionuclide. These ra-
dionuclides emit a positron, which annihilates with an electron to yield two 511-keV
gamma rays (photons), travelling in approximate opposite directions. This enables the
reconstruction of the position of the emitting atom (or more precisely, the position where
the annihilation occurred) by pairing incident photons at the ring of detectors (coinci-
dence counting). Because of this ’electronic collimation’, no mechanical collimators are
necessary, which increases the efficiency of the detectors considerably, and also simpli-
fies correction for attenuation artifacts (discussed below) [Bengel and Schwaiger 1998;
Burger and von Schulthess 1997; Robb 1998]. Another advantage of PET is its wide
range of radiopharmaceuticals that can be used. Especially the fact that positron-emitting
isotopes exist of the elements oxygen, nitrogen, carbon, and fluor, results in an almost un-
limited number of possibilities. A very useful approach in cardiology is to subsequently
use 13-NH3 to measure perfusion, and 18-FDG for glucose consumption [Frank 1997;
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Schelbert et al. 1982]. Comparing the resulting perfusion and metabolic data enables the
identification of ischemic but viable parts of the myocardium. However, the apparent ad-
vantage of PET over SPECT in terms of the abundant amount of radiopharmaceuticals
comes at a price. Since the half-time of most PET radionuclides is a matter of minutes,
the radiopharmaceuticals have to be produced on site, requiring a cyclotron facility and
a full radiochemistry service, making it a costly undertaking (except for rubidium, which
can be produced in a generator) [Gould et al. 1986].

Disadvantages of nuclear imaging

Both SPECT and PET suffer from a number of effects that deteriorate image quality, some
of which can be corrected for (at least to some extent) [Burger and von Schulthess 1997].
The most obvious source of errors is the (Compton-) scattering of the photons in the
surrounding tissues, which causes detection of photons at false locations and a lowered
photon count at the correct location (attenuation of the signal). In order to allow quanti-
tative evaluation of the data, elaborate correction mechanisms have to be used to correct
for both of these effects (scattered photons and attenuation). This is accomplished by
simultaneously acquiring transmission data using an external radiation source, such that
the tissue properties at each location can be determined. However, this causes additional
problems, including exposure to additional radiation, registration artifacts due to patient
motion, and crosstalk between the emission and transmission radiation. Also, since tissue
absorption is a function of photon energy, the calculation of the absorption of emitted
photons from measurements at another energy level (transmitted photons) is not straight-
forward. Other effects that have to be compensated for include non-uniformity of the
detectors, dead-time and saturation, and subtraction of random coincidences (PET only).
It turns out that these corrections (especially attenuation correction) are easier to imple-
ment in PET systems than in SPECT due to the fact that the two photons in PET travel in
opposite directions, giving PET a head-start in supplying truly quantitative data [Burger
and von Schulthess 1997].

Concluding, nuclear imaging enables accurate quantification of blood flow and my-
ocardial perfusion. But the disadvantages are the costs, the low spatial and temporal
resolutions, noise, and the long imaging procedure.

4.1.6 Intravascular Ultrasound (IVUS)

In intravascular ultrasound (IVUS), a special ultrasound catheter is introduced into the
coronary artery to image the artery and the perivascular tissues from the inside out. The
high resolution (in the order of 100 µm) of IVUS enables accurate assessments of the
vessel wall and plaque morphologies [Liu and Goldberg 1999]. It is therefore the standard
modality to determine plaque geometry and composition in clinical practice. It has also
proven an invaluable tool in research on the fundamental mechanisms involved in the
progression of arteriosclerosis [Frank 1997]. By fusion with biplane X-ray acquisitions, a
stack of two-dimensional IVUS cross-sections acquired during a (mechanized) catheter-
pullback can be reconstructed to a three dimensional volume, facilitating e.g. stenotic
flow reserve measurements (see Section 2.4.5) [Cothren et al. 2000; Molina et al. 1998].

Despite the advantages in terms of resolution, accuracy and reproducibility for both
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geometrical and flow measurements, there are some disadvantages preventing its utility in
e.g. CAD screening. First of all, it is an invasive method: the quite thick and hard to ma-
neuver catheter can cause intraarterial trauma or get wedged in a stenotic artery causing
transient ischemia, especially in a percutaneous approach. Secondly, IVUS catheters are
expensive and are too complex to be sufficiently sterilized for use with another patient.
So, they have to be disposed of after a single use (the current policy in The Netherlands).
Thirdly, IVUS is only capable of interrogating the proximal pericardial arteries, and thus
fails to provide the global overview of flow and (transmural) myocardial perfusion that
is needed to assess the condition of the coronary circulation as a whole. The measure-
ment sites themselves have to be selected using another imaging technique (mostly X-ray
angiography), such that IVUS is clinically foremost used to substantiate earlier findings.

A specific variation of IVUS that needs attention in this context is Doppler intravas-
cular ultrasound. A forward-looking Doppler catheter can be used to assess the blood
velocity (the velocity of the red blood cells), which yields the volume blood flow when
combined with a cross-sectional area calculation based on a traditional high-resolution
IVUS acquisition [Isner et al. 1993; Wilson et al. 1985]. Next to the problems discussed
above for IVUS in general, care should be taken to minimize the influence of the Doppler
catheter on flow, especially in severe coronary artery disease. Despite these problems, this
technique is the de facto standard in measuring coronary blood flow in human subjects.

4.1.7 Other intravascular methods

Next to intravascular imaging with ultrasound, there are other imaging principles that
lend themselves to be miniaturized into the tip of a catheter. The one most similar to
IVUS, is Optical Coherence Tomography (OCT), in which the ultra-sound waves have
been replaced by electromagnetic waves (visible light) [Fujimoto et al. 1999]. Due to the
short wavelengths, the resolution of OCT is superior to that of IVUS (spatial resolution
of 4–20 µm versus 100 µm for IVUS). The main problem is the very short echo times of
the light waves (in the order of femto-seconds [fs], or 10−15 s), requiring expensive and
fragile equipment. Also, the blood surrounding the catheter tip has to be replaced by a
transparent liquid through proximal balloon occlusion and the infusion of e.g. a saline
solution. Obviously, this adds to the complexity to the procedure.

This local replacement of blood around the catheter tip is also required for another
intravascular technique: angioscopy [White and White 1989]. It uses fiber-optics to ba-
sically see directly inside the artery (similar to endoscopy), giving the investigator an
instant feel for the appearance (color, texture, protrusions, etc.) of the intimal wall and
plaque. However, due to the severe spherical distortions of the images, the geometry of
the vessel and stenoses can only be assessed qualitatively.

Whereas angioscopy visualizes the superficial appearance of the plaque and intimal
wall, thermography allows to distinguish different plaque compositions by displaying the
heat distribution. This way, vulnerable plaques that are most likely to rupture can be
identified [Kern 2000].

All these intravascular imaging modalities, including IVUS, suffer basically from the
same problems caused by approaching the arterial lesion with a catheter. These catheters
are relatively fragile, expensive, and hard to steer. Especially in percutaneous approaches,
this results in increased risks, longer procedure times (and thus even more costs), and an
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applicability limited to the proximal epicardial arteries only. They also fail to provide an
overview of the condition of the coronary circulatory system, necessitating an additional
imaging modality to select the measurement sites, and to guide in properly advancing the
catheter.

4.1.8 Summary

Since the minimally invasive imaging modalities (XA, CT, MRI, US, SPECT, and PET)
are so different compared to the intravascular modalities, their properties are summarized
in two separate tables (Tables 4.1 and 4.2, respectively). From these two tables, it follows
that most imaging modalities have specific applications in which they excel. Notwith-
standing the fact that other modalities may be used as well (or may eventually be more
suitable after new developments), the de facto standard is given in Table 4.3.

Physiological quantity XA CT MRI US Nuclear

Cardiac function indices (QCA) fast CT cine US (PET+SPECT)

Cardiac wall motion (ventr.) EBCT tagging TD (PET+SPECT)

Myocardial metabolism . . (MRS) . PET

Myocardial perfusion dens. dens. (fMRI) MCE PET+SPECT

Epicardial blood flow dens. dens. (fMRI) (µBubbles) .

Stenosis geometry QCA . . . .

Plaque composition . (CCS) . . .

Table 4.1: Overview of the various minimally invasive imaging modalities for quantifying
cardiovascular function (see also Fröhlich et al. [1997]; Kern [2000]). Techniques shown
in parenthesis are considered less effective for the given task than the alternatives (i.e. the
other imaging modalities). An empty cell (.) denotes that the modality is unsuited for the
given task. Abbreviations (see also the Nomenclature section of this thesis): dens. =
X-ray densitometry (Section 4.5.4); ventr. = ventriculography (Section 4.2); TD = tissue
Doppler ultrasound (Section 4.1.4).

Modality Technique Physiologic quantity

IVUS (plain) Vascular wall and plaque geometry

Doppler Vascular blood flow velocity

Angioscopy (plain) Vascular wall and plaque appearance

OCT (plain) Vascular wall and plaque geometry

Thermography (physiologic) Plaque composition

Table 4.2: Overview of invasive functional imaging modalities (see also Kern [2000]).

Comparing X-ray angiography with the other imaging modalities shows that, despite
the fact that it produces only two dimensional projections, it is a useful modality to vi-
sualize the coronary artery system, mainly due to its spatial and temporal resolution, and
its routine procedure. A single sequence of images (one acquisition) yields sufficient in-
formation to analyze multiple aspects of the anatomy and physiology of the heart and
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its vessels, all at once. In that respect, it can be expected to be used for years to come,
not only to detect initial signs of coronary artery disease, but also to guide percutaneous
transluminal interventions. To study the gross cardiac anatomy or to assess the physiolog-
ical severity of stenoses, more suitable imaging modalities do exist (Table 4.3). However,
since the routinely acquired X-ray image sequence will be available anyway, the deter-
mination of the clinically highly relevant physiological stenosis severity based on flow or
perfusion comes at little extra costs.

Physiological quantity Imaging modality (de facto)

Cardiac function indices Transthoracic echocardiography (TTE)

Cardiac wall motion Transthoracic echocardiography (TTE); or MRI

Myocardial metabolism Positron emission tomography (PET)

Myocardial perfusion Single-photon computed tomography (SPECT); or PET

Epicardial blood flow Invasive: Doppler IVUS

Stenosis geometry Invasive: IVUS; or X-ray angiography (XA)

Plaque composition (IVUS)

Table 4.3: The de facto gold-standard imaging modalities for assessing cardiovascular
geometry and function in coronary artery disease.

4.2 Coronary angiography

In angiography, the internal lumen of an artery (or other cardiovascular structures like
the cardiac cavities and the veins) are visualized by X-ray imaging of a special contrast
agent. Its development started immediately following the discovery of X-rays by Röntgen
in 1895, when in 1896 the first reports appeared of using contrast materials to visualize
the vessels in (human) cadavers [Verhoeven 1985]. It took until 1939 to develop less
toxic (water soluble) contrast materials, enabling in vivo visualization in man. However,
these contrast materials, known as ‘Diodrast’, were still very harmful. With the advent
of iodine based contrast materials in the late 1950’s, angiographic examinations became
sufficiently safe for routine clinical practice [Verhoeven 1985].

4.2.1 Cardiac catheterization

In the early days of coronary angiography, non-selective contrast injections into the aorta
by needle puncturing were made, which required an enormous amount of contrast to be
administered in a short period of time to prevent dilution. Hence, relatively thick needles
were used (because of the high viscosity of the contrast agents), leading to high risks of
post-operative hemorrhage and other complications. Some methods were tested to de-
crease the blood flow (and hence the contrast dilution), such as inducing hypotension by
blood letting, or inducing hypothermia. More drastic methods included the occlusion
of the ascending aorta with an inflatable balloon as introduced by Dotter and Frische in
1961 [Amplatz 1991], and transient cardiac arrest by administration of a bolus of acetyl-
cholin (by Arnulf and Buffard in 1960 [Amplatz 1991]). They were soon succeeded
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by safer methods using selective contrast administration with (thin-walled) intraarterial
catheters. The first demonstration of cardiac catheterization was given by Forssmann in
1929, who placed a catheter into his own right atrium after which he walked to the X-ray
room to acquire X-ray images [Amplatz 1991; Verhoeven 1985]. The main contributions
in the direct catheterizations of the coronary arteries are from Sones, who developed the
catheterization through a surgically exposed brachial artery, and Judkins who introduced
the percutaneous transfemoral approach [Amplatz 1991; Verhoeven 1985]. They both
advanced a catheter into the ostium of the (left or right) coronary artery, and used that
catheter to selectively inject the contrast material [Conti 1977]. In the mean while, the
X-ray imaging equipment evolved from film cassettes and low power X-ray sources, to
powerful pulsed X-ray sources and image intensifier systems, enabling rapid acquisitions
and realtime viewing (fluoroscopy) in the mid 50’s [Verhoeven 1985]. The high power
X-ray beam, and the use of (35 mm) film instead of a (mechanically switched) film cas-
sette, enabled much shorter acquisitions times (reducing motion artifacts) and a lower
dose (cineangiography). The introduction of the television camera (e.g. the Plumbicon
tube in 1964) lead to image storage on magnetic tape for better archival and communica-
tion purposes. A more convoluted historical overview of the X-ray equipment, as well as
of the development of the contrast materials and the way they are administered, is given
by e.g. Amplatz [1991]; Verhoeven [1985].

The risks involved in coronary angiographic procedures can be contributed to three
main sources: exposure to X-rays, the insertion of a catheter, and the administration of
contrast material. It is beyond the scope of this text to discuss all these risks in detail, but
some common risk factor will be enumerated to show the invasiveness of the procedure.
The hazards of introducing a catheter into a vessel include catheter misplacement (e.g.
in subintimal space, or a catheter wedged into a small or stenotic artery), hematoma at
the puncture site, embolization due to air or clots, fibrin collection, infection, or other in-
traluminal trauma (e.g. puncture of the vessel wall or arterial dissection) [Johnsrude and
Jackson 1979]. Possible complications triggered by either introducing a catheter or by
administering a contrast agent are: transient cardiac arrhythmia such as ventricular fibril-
lations, arterial spasm, hypotension, cardiac arrest, myocardial infarction, shock, stroke,
paralysis, allergic reactions, or thrombosis [Conti 1977].

4.2.2 Image formation

The contrast in the X-ray image is caused by spatially different attenuations of the X-ray
beam by the tissue, described by the law of Lambert and Beer:

Iout(u,v) = Iin · exp(−µ̄x) = Iin · exp

(
−
∫

ray
µ(u,v,z)dz

)
(4.1)

where a uniform and parallel input beam of intensity Iin is assumed (in [W/m2]), parallel to
the z-axis. The coordinates u and v denote the image coordinates, and x the total distance
travelled through tissues with an average attenuation coefficient µ̄ [cm−1]. Unfortunately,
this is only valid in an idealized situation, consisting of a very narrow pencil beam of
monochromatic X-ray radiation. For now, Equation 4.1 will be used to demonstrate the
concepts; the ramifications of diverting from this ideal situation will be discussed in detail
in Section 4.3.
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The pixel values of X-ray image, denoted by G(u,v), are assumed to be linearly related
to the intensities of the X-rays impinging on the detector (ID(u,v) = Iout(u,v)):

G(u,v) = gII · Iout(u,v) = gII · ID(u,v) (4.2)

The constant gII denotes the gain of the image intensifier and camera system. Again, this
is only valid in an ideal situation; in Section 4.3 it will be shown how the image intensifier
and the camera influence the quality of the image by introducing spatial low frequency
filtering, and noise. For now, it is convenient to assume a linear relationship between the
intensity and the grey scale pixel values.

4.2.3 The contrast material

The substance that is used as the contrast agent should have an attenuation coefficient µc

that is either much higher, or much lower than that of water in order to produce signifi-
cant contrast against the background (most tissues have an attenuation coefficient similar
to that of water, except for the lungs - which mainly consist of air - and bone). But
there are other requirements to be imposed on the intracoronary contrast agent (see also
Section 3.1.3) [Fröhlich et al. 1997]. This substance should:

• not cause damage to the arterial endothelium or to the (red) blood cells,
• have a neutral pH value,
• be highly miscible with blood (requiring high water solubility) to prevent selective

‘streaming’ into specific branches of bifurcations,
• remain completely intravascular (hence no extravasation),
• have a low viscosity to enable high flows through the catheter,
• exhibit a low or iso-osmolarity with blood plasma to reduce pain and heat sensa-

tions, and
• have the same density as blood to prevent gravitational effects [Clough et al. 1999].

With a hyper-osmolar contrast agent, the osmotic equilibrium is upset and water flows
from the extravascular space into the vessel within seconds [Fröhlich et al. 1997; Hodgson
et al. 1985b]. This may cause undesirable side effects like extracellular dehydration, an
increase in vascular volume, a fall in hematocrit, a reduction in peripheral resistance,
a decrease in blood pressure, bradycardia (or in general arrythmia), and heat and pain
sensations [Fröhlich et al. 1997]. The question whether or not the contrast material should
be ionic (dissociating into ions in watery solutions such as blood), or non-ionic, cannot be
answered easily. Both ionic and non-ionic contrast agents affect the electrical potentials
across cell membranes, the electrical conductivity, and the overall electrolyte balance. In
general, however, ionic contrast agents induce a stronger hyperemic response than non-
ionic agents do (see Section 2.1.1) [Fröhlich et al. 1997].

A substance fulfilling all these requirements is yet to be found. Hence, most agents
used in practice are, for example, not completely without risk, or do not stay completely
intravascular. Examples of negative (or radiolucent) contrast agents are the gasses car-
bon dioxide (CO2), air, and nitrous oxide (NO). But the administration of gasses, either
through the lungs or by intravascular injection, is not free of risks, especially with di-
minished excretion of gasses secondary to severe respiratory diseases. Also, the use of
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carbon dioxide (capno-angiography) in the head region can decrease the sensitivity of the
respiratory and cardiac centers, with all risks associated with it.

The most commonly used positive (radiodense or radiopaque) contrast agents are
water-soluble triiodobenzoic acid derivatives for their relative lack of toxicity and high
iodine content (which determines the angiographic density of the material) [Fröhlich et al.
1997]. Salts of these molecules are formed with either methylglucamine, or with sodium
(which is more toxic but results in lower viscosity due to a smaller molecule size). In
practice, these contrast agents distribute into two compartments, the vascular space, and
the interstitial compartment, with a distribution time-constant in the order of 4 to 10 min-
utes, and a whole-body distribution volume of about 0.25 liter per kilogram of body mass.
The distribution into intracellular space is negligibly slow. The contrast agent is elimi-
nated by renal glomerular filtration with a half-time on the order of 1.5 to 2 hours, and
a total maximum clearance of 1 to 2 ml per minute per kilogram of body mass [Fröhlich
et al. 1997].

In the sequel, it will be assumed that the contrast material is radiopaque, containing
iodine as the attenuating substance. Since the attenuation coefficient of such contrast
agents increases linearly with the amount of iodine, it is common to express the effective
attenuation coefficient µc as a function of the iodine density (or concentration) ρ in [g/ml]:

µc = µc0 ·ρ (4.3)

in which it is assumed that the attenuation by the fluid and its constituents in which the
iodine is dissolved, is negligible.

4.3 X-ray image quality

The quality of the angiographic X-ray images in terms of contrast and (spatial) resolution
is mainly determined by the following effects: geometric distortions, focal spot blurring,
the resolution of the detector, scatter and veiling glare, beam hardening, non-uniform
opacification, and noise (see Figure 4.1). These effects will be discussed in the coming
sections, with a short summary at the end (Section 4.3.7) [Whiting et al. 1991]. Note that,
for sake of simplicity, most of these effects will be ignored in deriving the mathematical
description of coronary angiography and related techniques in the coming sections. The
practical way of dealing with the imperfections caused by these effects are discussed in
detail in Section 4.5.4.

4.3.1 Geometric distortions

The most apparent geometric distortion of X-ray images is pincushion distortion caused
by the curvedness of the image intensifier input screen. As a result, the uncorrected image
of a calibration phantom (a rectangular wire mesh) seems to be stretched at the edges,
and compressed near the center. Fortunately, this type of distortion is relatively easy
to compensate for by fitting a simple, but non-linear model to an image of the before-
mentioned calibration phantom. Inversion of this model yields a transformation that can
be applied to every single image acquired during normal operation to correct for this type
of distortion (using e.g. bilinear interpolation) [Brown et al. 1977; Toennies et al. 1997].
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Figure 4.1: The X-ray imaging chain as used in cardiology.

Another type of geometrical distortion is caused by the geometry of the X-ray beam,
which is a fan-beam and not a parallel beam. This results in a non-uniform magnification
factor, making measurements of physical dimensions of the imaged object dependent on
the position of that object relative to the source/detector combination [Brown et al. 1977].
Since the images are only two-dimensional projections, and hence do not contain depth
information, the calibration of physical dimensions will have to be performed for every
single object separately (e.g. by using the known diameter of the catheter tip, provided this
tip is positioned at the same depth relative to the detector) [Balkin et al. 1990]. In qualita-
tive or relative evaluations (comparing two dimensions), this effect is normally negligible
due to the limited depth of the organ of interest compared to the distance between the
X-ray source and the detector.

Finally, there are some other geometrical distortions that have minimal effect on
the overall image quality, such as earth magnetic field effects, and instabilities of the
gantry. These become important when using the projection images to reconstruct three-
dimensional volumes (see Section 4.5.2).

4.3.2 Focal spot blurring and spatial resolution

Ideally, all X-rays emitted by the X-ray tube originate from an infinitesimally small focal
spot, such that the X-ray shadow of an impenetrable object has perfectly sharp edges.
Unfortunately, this is not the case in practice, which limits the spatial resolution of the
system. The effect of the limited focal spot size is described by the point spread function
hfs(u,v):

Ip(u,v) = (hfs ∗ Iout)(u,v) (4.4)

in which Ip(u,v) denotes the primary contribution to the image (see the next section on
scatter and veiling glare), and ∗ the (two dimensional) convolution operation. In an ideal
situation (which will be assumed unless stated otherwise), the point spread function equals
a unit impulse function δ(u,v).

Obviously, the spatial resolution is also influenced by the image intensifier, and by
the resolution of the camera (i.e. its size and the number of pixels). The influence of the
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detector is described by a block-shaped point spread function hccd(u,v), the size of which
equals the size of one detector (CCD) element. Especially in clinical cardiology, where
the size of the scanning area is normally quite large (7 inch input screen or more, with
only 512-by-512 pixels), this can have a considerable effect on the eventual image quality.
Using this formulation, Equation 4.2 has to be rewritten as:

G(u,v) = gII (hccd ∗hII ∗ ID)(u,v) (4.5)

in which hII(u,v) denotes the point spread function of the image intensifier, and ∗ the two
dimensional convolution operation. The point spread function of the image intensifier
includes an effect called veiling glare, which will be discussed in the next section.

With a special phantom, the resulting spatial resolution (in a specific location in the
three dimensional field of view) can be determined, expressed in number of line pairs per
millimeter [lp/mm]. The spatial resolution can be increased by reducing the field-of-view
(i.e. a smaller input screen size), or by using a better X-ray tube (smaller focal spot)
and/or a better camera.

4.3.3 Scatter, veiling glare, and vignetting

+ +
Iin

Ip

Iscatter

ID

Iv.glare

GX-ray source Object
Image
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(a) Scatter and veiling glare.
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(b) Simplified model.

Figure 4.2: Schematic representation of the contributions of scatter and veiling glare
(SVG) to the image formation process. For brevity, the dependence on the image coordi-
nates (u,v) is omitted.

Scatter and veiling glare are two phenomena that have almost identical effects
on image quality, and are therefore normally compensated for in a single correction
scheme [Cusma et al. 1987; Ersahin et al. 1994; Molloi et al. 1998b]. Scattering is caused
by the deflection of the X-ray beam as it collides with the particles of the tissue it tra-
verses (Compton scattering). In this process each photon transfers some of its energy to
the tissue, and changes direction such that it can eventually contribute to the image at a
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completely other pixel location (if it hits the input screen). Although a collimation grid is
placed in front of the image intensifier to capture the scattered photons impinging with a
large incidence angle, the contribution of scattered photons to the image can be 50 to 80
percent of the total observed intensity [Ersahin et al. 1994; Johns and Cunningham 1983;
Verhoeven 1985; Whiting et al. 1991].

Veiling glare is a similar phenomenon which occurs in the optical part of the system
(scattering in the output phosphor screen of the image intensifier and the optical path to
the camera). Normally, veiling glare contributes to the output only modestly (compared
to scatter), but if there are so-called bright spots in the image (e.g. an area in which the
X-rays reach the input screen un-attenuated), veiling glare becomes highly visible.

As a result of both scattering and of veiling glare, the point spread function of the
overall system will have a more or less uniform background level surrounding the main
peak at the origin. As a result, leakage of energy from one pixel to the surrounding pixels
occurs, which decreases image contrast but also improves the signal to noise ratio. This
process is described by [Ersahin et al. 1994]:

ID(u,v) = Ip(u,v)+αsvg(u,v)
(
Ip ∗hsvg

)
(u,v) (4.6)

as illustrated in Figure 4.2(b). The primary contribution Ip(u,v) is defined according to
Equation 4.1, ID(u,v) denotes the apparent intensity at the detector, and hsvg the (two
dimensional) impulse response function describing the scatter and veiling glare contri-
butions. The factor αsvg is the fraction of the contribution of scatter and veiling glare,
which is spatially variant due to spatially varying object thicknesses and compositions.
Its value is also dependent on factors like beam energy, the size of the image intensifier,
and the length of the air gap between subject and the input screen. In general, increasing
the length of the air gap and decreasing the size of the input screen reduces the value of
αsvg (which explains in part the beneficial scatter properties of CT compared to planar
radiography, see Section 4.1.2).

Note that in this description, the blurring of the image due to scatter and veiling glare
is completely attributed to the conversion from Ip(u,v) to ID(u,v) (Equation 4.6). In
reality, veiling glare is caused by the image intensifier and optical systems, as illustrated
in Figure 4.2(a). For convenience, it is assumed that the point spread functions of the
image intensifier and optical systems are unit impulses (hII(u,v) = hCCD(u,v) = δ(u,v)
as in Equation 4.2), such that all these point spread functions are lumped together into
hsvg(u,v) and the amplification factor gII. This is illustrated in Figure 4.2(b).

Apart from the fact that αsvg(u,v) varies spatially due to different object thicknesses,
its value at the borders of the image is also structurally lower since the contribution of
neighboring pixels to the measured intensity through energy leakage is much smaller
in those areas. Together with the lower intensity at the border of the image due to the
curvature of the input screen, this results in an effect called vignetting (a diminished
brightness at the image borders). In general, the factor αsvg will be considered constant
over the field of view to enable computationally efficient correction for scatter and veiling
glare by, basically, unsharp masking [Ersahin et al. 1994]. Rearranging Equation 4.6 using
G(u,v) = gII · ID(u,v) (Equation 4.2) and gII · (Ip ∗hsvg)(u,v) ≈ (G∗hsvg)(u,v), yields:

Gcorrected(u,v) ≈ G(u,v)−αsvg,0 ·
(
G∗hsvg

)
(u,v) (4.7)
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Next to the assumption of a constant αsvg, the simplest correction algorithms also as-
sume a unit impulse response function hsvg(u,v) = δ(u,v), which reduces Equation 4.6
to [Cusma et al. 1987; Goszczynska and Dernalowicz 2000]:

Gcorrected(u,v) ≈ G(u,v)
(1+αsvg,0)

≈ (1−αsvg,0)G(u,v)
(4.8)

for αsvg,0 � 1. This equation enables a computationally more efficient, but less accurate
correction algorithm compared to Equation 4.7.

4.3.4 Beam hardening

The X-ray sources that are used in current clinical cardiology are not able to produce a
monochromatic X-ray beam. Instead, a whole spectrum of electromagnetic rays (poly-
chromatic) are produced, where the maximum energy level E of the photons (or their
minimum wavelength λ) is determined by the peak voltage kVp between the anode and
the cathode of the X-ray tube:

E =
h̄c
λ

≤ qkVp ⇒ λ ≥ h̄c
qkVp

(4.9)

with q the electric charge of an electron, c the speed of light, and h̄ the constant of Planck
(h̄c = 1.2397 · 10−6 eVm). Since the attenuation coefficients as used in Equation 4.1
strongly depend on the energy (or wavelength) of the incident beam, a more complex form
of the law of Lambert and Beer is required, assuming a polychromatic (pencil) beam:

Iout(u,v) =
∫ kVp

0

[
Iin(E) · exp

(
−
∫

ray
µ(u,v,z;E)dz

)]
dE (4.10)

where Iin(E) denotes the energy spectral density of the incoming beam, and µ(u,v,z;E)
the energy dependent attenuation coefficient at position (u,v,z). Unfortunately, the spec-
trum of the emitted X-ray beam is spatially variant due to the Heel effect [Johns and
Cunningham 1983]. As this effect is only small, and can partly be corrected for by a
special non-uniform filter, it is ignored in practical applications: Iin(u,v;E) = Iin(E).

In general, the attenuation coefficient increases (non-monotonically) with decreasing
photon energy (see Figure 4.3). As a result, the low energy photons do not contribute
to the image formation as they are completely absorbed by the subject. Therefore, to
decrease the total X-ray dose, these low energy photons are filtered out by placing an
aluminum or copper plate between the X-ray source and the subject. Despite this pre-
filtering, the spectrum of the beam that hits the detector, Iout(u,v) (or more precisely,
ID(u,v)) will have a spectrum with relatively more high energy content compared to the
incoming beam Iin (after pre-filtering) due to strong attenuation of the low-energy photons
in the subject. So, the beam has become ‘harder’, giving rise to the name of this effect,
beam hardening. The result of beam hardening is that the effective attenuation coefficient
reduces with increasing tissue thickness x:

µeff =
1
x

∫ x

0
µ(Ē(z))dz (4.11)
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Figure 4.3: Normalized attenuation coefficients µ0 = µ/ρ of iodine (contrast agent), bone,
and soft tissue (water) [Verhoeven 1985].

where µ(Ē(z)) is a decreasing function of z (the average energy content Ē(z) at position z
increases with z), assuming a spatially homogeneous material: µ(u,v,z;E) = µ(E).

4.3.5 Noise

Medical X-ray images are characterized by a large amount of noise, having two main
sources; quantum noise and electrical noise, as depicted in figure 4.4 [Johns and Cun-
ningham 1983]. The quantum noise is the result of the fact that the imaging equipment
measures realizations of a stochastic process having a Poisson distribution function. This
effect is amplified by the limited Detector Quantum Efficiency (DQE) of the image in-
tensifier and camera [Verhoeven 1985]. The resulting signal is low-pass filtered with the
point spread function of the image acquisition chain. Finally, the electrical system adds
Gaussian noise [de Bruijn and Slump 1997].

+ +Photon count

Quantum noise

MTF

Electrical noise

White
compression

Image

Figure 4.4: Model of the acquisition system (modified from De Bruijn and Slump [1997]).
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In obese patients, there are a number of factors that decrease image contrast. First of
all, the kVp setting of the X-ray tube has to be increased in order to get sufficient X-ray
intensity at the detector. As a result, the difference in attenuation coefficient between the
contrast material (iodine) and surrounding tissues decreases (Figure 4.3). But due to beam
hardening, the effective attenuation coefficient also decreases in obese patients, which
further decreases image contrast. Finally, the increased photon energy of the beam also
increases quantum noise, as shown by Verhoeven [1985]. Theoretically, the photon energy
of the beam can be lowered by increasing the cathode current of the X-ray source, or by
extending the exposure time (which increases the number of photons emitted). However,
the cathode current is limited by the maximum power dissipation of the source, and it
would also increase the total X-ray dose to intolerable levels. So, apart from the increased
amount of scattered radiation in thick objects, and within safety limits, X-ray images of
obese patients will have a worse signal-to-noise ratio compared to images of thin patients.

4.3.6 Image brightness

The overall brightness of the images is controlled by a built-in exposure control loop. It
scans the pixel values in the central portion of the image, and adjusts the cathode cur-
rent icathode and the anode-cathode voltage kVp to make the average pixel value in that
area equal to some preset value. By increasing the voltage, the emitted X-ray beam will
penetrate the subject better due to the higher (average) photon energy, and by increasing
the current, the number of photons emitted increases. In the so-called ‘lock-in’ mode,
only the current is adjusted, while keeping the voltage constant (except for a short set-
tlement period at the start of the acquisition). In either case, the input intensity Iin in
Equation 4.1 is not a constant, but varies with e.g. the administration of contrast material
and with patient motions (respiration, etc.). Although this type of exposure control is ap-
pealing for visual inspection of the images, it compromises the accuracy of quantitative
measurements relying on the pixel values (see Section 4.5). The correction for this type
of error is difficult, and is therefore omitted in all known cases. Dernalowicz et al. [1996]
present some methods for retrospective correction of brightness fluctuations, in case the
equipment lacks such a system. However, those methods are not suited to correct for the
input-intensity changes that are caused by the exposure control loop.

In most angiographic viewing systems, there is not a linear relationship between the
X-ray intensity ID(u,v) and the pixel value G(u,v) as described by Equation 4.2. The sys-
tem maps the high intensities on a relatively small range of pixel values (compression),
while using a larger range of pixel values for the lower intensities. This technique, known
as white compression, is inspired by higher sensitivity of the human visual system to
contrast differences in bright area compared to dark areas. In quantitative measurements
however, this effect has to be corrected for by using an inverse white compression. The
required gray-scale transformation can in principle be determined by imaging a phantom
consisting of several parts with varying (known) attenuations (µx), such that the relation-
ship between the X-ray intensity and the pixel value can be established. Unfortunately,
effects like beam hardening, scatter, and noise make this a daunting task. In the sequel, it
will be assumed that the image is properly corrected for white compression, such that the
pixel’s grey values are proportional to the intensity of the beam incident on the detector
ID(u,v) (i.e. Equation 4.2 holds).
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4.3.7 Summary

The various effects described above can be summarized by the following set of expres-
sions defining the grey-scale values of the eventual image G(u,v) (using Equations 4.4,
4.5, 4.6, 4.9, 4.10, and 4.11):

Ip(u,v) = hfs ∗
{

Iin · exp

(
−
∫

µeff(u,v,z;kVp)dz

)}
= (hfs ∗ Iout)(u,v) (4.12)

ID(u,v) = Ip(u,v)+αsvg,0
(
Ip ∗hsvg

)
(u,v) (4.13)

G(u,v) = gII (hCCD ∗ ID)(u,v) (4.14)

In these equations, the influences of geometrical distortions, noise, and brightness varia-
tions caused by the automatic brightness control system are left out, as they do not directly
contribute to the expected brightness of the pixels or are hard to describe in a concise
mathematical form. It is furthermore assumed that the white-compression performed by
the system is disabled, or properly corrected for as described above.

By writing Equation 4.13 as:

ID(u,v) = Ip(u,v)+αsvg,0
(
Ip ∗hsvg

)
(u,v) =

(
h′svg ∗ Ip

)
(u,v) (4.15)

the set of Equations 4.12 through 4.14 can be simplified to:

G(u,v) = gII · (hMTF ∗ Iout)(u,v) (4.16)

with hMTF(u,v) the lumped point spread function of the overall system. In general, the
modulus of this so-called Modulation Transfer Function (MTF) is modelled in the fre-
quency domain by a two dimensional Gaussian profile according to [Johns and Cunning-
ham 1983; Verhoeven 1985]:

|MTF(ω)| = ∣∣F{hMTF}
∣∣= e−( ω

ωc
)2

(4.17)

with ω the spatial frequency, and ωc a constant cut-off frequency.

4.4 X-ray angiographic image interpretation

In a typical angiographic study of the heart two types of images are acquired: coronary
arteriograms (injecting contrast directly into the coronary arteries), and ‘ventriculograms’
in which contrast is mechanically injected into the left ventricle (power injection), visual-
izing the endocardial borders.

By analyzing the sequence of ventriculograms, regurgitation due to e.g. anatomical
anomalies or calcifications of the cardiac valves can be detected, as well as abnormalities
in the gross cardiac anatomy (ventricular septum defects, etc.). Also, the contraction
patterns of the (left-) ventricular wall, hypokinesia, and global heart function (e.g. ejection
volume) can be assessed. In such assessments, the cross sections along the long axis of
the ventricle (apex to aortic valve) is assumed to be circular, enabling ventricular volume
measurements throughout the cardiac cycle. Unfortunately, such assessments of global or
local cardiac function are qualitative, and subject to large observer variations as well [Zir
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et al. 1976]. Although ventriculography is extremely useful in some clinical applications,
it is beyond the scope of this text to fully explore the analysis of such images.

To acquire coronary arteriographic images, it is essential to choose an appropriate
projection angle such that overlap of different vessels and foreshortening are minimal.
If done properly, the resulting images allow a cardiologist to qualitatively assess the ge-
ometry and patency of the coronary arteries. Also, the locations and extents of stenoses
are easily obtained, together with the best path through the arterial system to access each
arterial lesion with a catheter (e.g. to perform IVUS Doppler measurements, or intralumi-
nal angioplasty or arthrectomy). Obviously, the quality of the image itself, as discussed
in Section 4.3, affects the interpretation of coronary arteriographic images. But there are
more factors influencing the accuracy of image interpretation. As a result, even very high
quality images (high resolution, high contrast, no scatter, no noise, no distortions, etc.)
may lead to misinterpretations [Topol and Nissen 1995]. For example, in cases with an
inadvertent super-selective contrast injection, an ectopic origin of the coronary arteries,
or the occurrence of total arterial occlusions and bypass grafts, there is a risk of missing
one or more arterial branches, which may have far-reaching consequences in coronary
artery disease. And such conditions are more likely to occur in patient suffering from this
disease as well.

Other factors challenging the accurate interpretation of coronary angiograms, es-
pecially in assessing the geometrical properties of the vessels and its lesions, are the
non-uniform magnification (Section 4.3.1) and foreshortening [Lesperérance et al. 1998].
These factors prevent absolute quantification of dimensions without elaborate calibration
and optimal view selection [Dumay 1992]. Furthermore, the assessment of geometri-
cal properties by visual inspection is subject to large inter- and intra-observer variability,
even with relatively high quality images [DeRouen et al. 1977; Detre et al. 1975; Gal-
braith et al. 1978; Zir et al. 1976]. Quantifying this variability is almost impossible, as
it strongly depends on the specific case, the artery segment involved, and of the expe-
rience of the observer [DeRouen et al. 1977]. Observer variability can be alleviated by
using an computerized technique called Quantitative Coronary Angiography (QCA, see
Section 4.5.1). However, most other problems remain, including the limited number of
projections, non-uniform magnification, foreshortening, and geometric distortions.

Next to these fundamental problems, there are more factors preventing an accu-
rate assessment of the progression of coronary artery disease based on coronary an-
giograms [Topol and Nissen 1995]:

• The contrast injection has to completely replace the blood in the vessels of interest.
If the lumen of the vessel is not completely filled with contrast agent, the X-ray
shadow in the image does not represent the vessel lumen, rendering interpretations
in terms of vessel geometry incorrect. This requirement will be hard to fulfill in
the smaller distal vessels, and distal to severe stenoses (due to turbulence and jet-
streaming through the stenosis).

• Since most assessments use relative instead of absolute dimensions (in order to deal
with non-uniform magnification), diffuse disease and congenitally small arteries are
easily overlooked. An irregular vessel edge observed in the image is an indication
of the presence of disease, but its extent can not be quantified.

• The shape of the lumen of the vessel may be so irregular (especially in coronary
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artery disease and after intervascular intervention), that assessment of its cross sec-
tional area is impossible based on a few projections alone [Topol and Nissen 1995;
van Lankeren et al. 1998; Vlodaver and Edwards 1971].

• Overlap of different structures can cause ambiguities and subsequent misinterpreta-
tion. The typical transverse orientation of the proximal coronary arteries prohibits
their delineation without overlap and without causing a collision between the C-arm
and the table or patient.

• Phenomena like arterial spasm, myocardial bridges, vessel collapse, transient out-
pouching of the vessel wall at injection site, etc. may confuse the observer.

All these effects result in a systematic underestimation of stenosis severity for mild
stenosis, and an overestimation of severe ones, compared to histologic sections [Arnett
et al. 1979; Grondin et al. 1974; Vlodaver et al. 1973]. However, the use of histologic
sections as a reference is subject to discussion concerning possible postmortem alter-
ations [Grondin et al. 1974; Marcus et al. 1988; Ritman 1990]. Despite this discussion,
most researchers and clinicians agree upon the care one should take in the interpretation of
angiographic images due to the effects described above [Ritman 1990; Topol and Nissen
1995].

4.5 Digital techniques in coronary angiography

Since the advent of digital computer systems, angiographic images have been sub-
ject of a range of digital analysis methods [Reiber 1988]. The most important digi-
tal analysis methods in coronary artery disease are quantitative coronary angiography
(QCA) [Brown et al. 1977], the reconstruction of three dimensional vessel models from
multiple projects at various projection angles [Wahle et al. 1995], digital subtraction
angiography (DSA) [Verhoeven 1985], and an extension to DSA known as densitome-
try [Verhoeven 1985].

4.5.1 Quantitative coronary angiography (QCA)

Quantitative coronary angiography (QCA) is a general name for all (digital) techniques to
quantify properties of the coronary arteries and its circulation from coronary angiograms.
So, although QCA also includes techniques like densitometric assessment of coronary
flow, the name QCA is normally only associated with the quantitative assessment of ge-
ometries (ventricular or arterial). We will adhere to this common practice, and consider
DSA and densitometry as separate techniques.

QCA in its most well known form, that is, the determination of vessel and stenosis
geometry, was introduced and clinically validated by Brown et al. [1977]. Since that time
QCA has evolved to a technique that is routinely applied in clinical practice [Reiber et al.
1998, 1996]. The most apparent applications are:

• the assessment of the ejection fraction from a ventriculogram. The operator points
out the borders of the aortic valve, as well as the ventricular apex. The QCA com-
puter program then outlines the ventricular border, and calculates its volume by
assuming a circular cross section. Doing so in both systolic and diastolic images
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enables the calculation of the ejection fraction. After appropriate calibration of
dimensions, the stroke volume can also be determined.

• the assessment of percent coronary stenosis. Using edge enhancement techniques
and edge detectors, a QCA program determines the luminal borders of a arterial
segment indicated by the operator [Büchi et al. 1990; Fleagle et al. 1989; Klein
et al. 1997; Pope et al. 1985; Sonka et al. 1997, 1993; Sun 1989; Wankling et al.
1990]. Based on these borders, the diameter variations along the vessel are calcu-
lated, enabling the assessment of minimal and reference diameters. By assuming a
circular cross section, the percent luminal area stenosis is obtained by squaring the
percent diameter stenosis (see Section 2.3.1). Again, spatial calibration is neces-
sary to obtain absolute dimensions (e.g. minimal stenosis area, and stenosis length).
This is normally accomplished by using the known size of the catheter tip as the
reference.

An overview of QCA in clinical practice can be found for example in articles by Reiber
[1991]; Reiber et al. [1998, 1996].

Although QCA alleviates the observer variabilities impairing the visual assessment of
coronary angiograms, the method is still susceptible to geometric distortions, misinterpre-
tations, and problems with the limited number of projections. Also, operator interventions
are required to recognize and correct errors made by the program. And even if the dimen-
sions can be determined accurately by QCA, the assessment of the physiological severity
of the stenosis based on stenosis dimensions is difficult, as argued in Section 2.4.5. So,
QCA in its traditional form is unable to provide an accurate physiological assessment of
stenosis severity, and we therefore have to resort to densitometry (Section 4.5.4) to obtain
such a measure (see also Section 2.3).

4.5.2 C-arm based three dimensional vessel reconstruction

One of the major disadvantages of X-ray coronary angiography is the fact that it delivers
only two dimensional projections. This leads to problems with non-uniform magnifica-
tion and foreshortening (Section 4.3.1), but also to overlap of structures. This overlap is
especially troublesome in visualizing the proximal coronary arteries. Due to the typical
orientation of these proximal coronary arteries in a transversal plane, they are difficult
to visualize without considerable overlap using a standard C-arm X-ray setup (the ro-
tation and angulation angles of such equipment are limited in order to avoid collision
with the patient). But statistics show that most coronary stenosis occur in these proximal
segments [Frank 1997]. This discrepancy can be resolved by using a three dimensional
imaging technique like CT. However, as argued in Section 4.1.1, there are certain disad-
vantages to using a modality like CT. So, many research has been conducted on using
standard C-arm equipment to obtain the same information as CT would: reconstructions
of the three dimensional geometry of the heart chambers and the coronary arteries. Three
different approaches can be distinguished: biplane angiography, rotational angiography,
and densitometric reconstructions.
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Biplane angiography

In biplane angiography, two C-arm X-ray imaging systems are used simultaneously, in
an alternating fashion due reduce cross-talk. If the viewing angles of these two systems
is chosen such that they are (almost) orthogonal, the combination of the resulting image
sequences allows the reconstruction of the three dimensional coronary arterial tree [Barth
et al. 1988; Büchi et al. 1990; Hulzebosch et al. 1990; Kitamura et al. 1988; Klein et al.
1998; Muijtjens 1995; Parker et al. 1987, 1988b; Ruan et al. 1994; Wahle et al. 1995]. By
explicitly dealing with geometric distortion during the reconstruction process, the prob-
lems with non-uniform magnification and foreshortening are resolved. It also enables the
selection of optimal viewing angles for subsequent (single plane) acquisitions [Dumay
1992; Wollschläger et al. 1988]

Biplane angiography works well in reconstructing the pull-back path of an IVUS
catheter, such that the fusion of the biplane angiography and IVUS images yields a geo-
metrically correct reconstruction of the internal lumen of the vessel [Cothren et al. 2000;
Hoffmann et al. 1999; Molina et al. 1998; Reiber 1999; Wahle et al. 2001, 1998, 1999].
However, in reconstructing a complete coronary artery tree, ambiguity is a major prob-
lem. Elaborate labelling- and/or expert systems are required to resolve the stereo cor-
respondence between points in both image sequences [Garreau et al. 1991; Smets et al.
1990]. Unfortunately, this ambiguity is most severe in reconstructing the proximal coro-
nary arteries due to their orientations along the epipolar lines of the biplane image pair.
So, although biplane angiography is generally able to provide a better impression of the
three dimensional structure of the coronary tree, it does not yield the final solution to all
problems. Both the ambiguity in the reconstruction process and the limited ability to re-
construct complex morphology are a result of the very limited set of viewing angles (i.e.
two viewing angles).

Rotational angiography

Rotational angiography is theoretically the solution to these problems [Elgersma et al.
1999; Hoff et al. 1994; Tommasini et al. 1998]. It uses a single C-arm system that is
rotated around the patient during which images are taken at a high frame rate. This has
the advantage that the equipment is slightly easier to manipulate compared to a biplane
system, and that up to a hundred viewing angles are obtained, instead of only two with
biplane angiography. The high number of viewing angles enables the tomographic re-
construction of e.g. the cerebral vascular structure. In imaging the heart, however, this
reconstruction is more difficult. First of all, the range of viewing angles is limited to about
120 degrees (one third of a circle) to prevent collisions with the patient. Secondly, there
are many more structures that interfere with the reconstruction process as compared to
rotational angiography of for example the head region. Thirdly, the motion of the heart
during the sweep prevents the use of all images acquired. So, the sweep has to be slower
in order to acquire enough images, requiring a relatively long contrast injection (with
possible toxic and allergic effects), and a long breath-hold. Also, patient motions and car-
diac arrhythmia during the acquisition will compromise the tomographic reconstruction
process. As of today, cardiac rotational angiography is therefore mainly used for two pur-
poses: the selection of a biplane pair from the complete rotational angiographic sequence
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which is subsequently used to reconstruct a tree dimensional model, and the appraisal
of the complex three dimensional morphology of the coronary tree by playing back the
rotational angiographic sequence. In the future, true tomographic reconstructions of the
arterial tree may become feasible. However, the visualization of the proximal coronary
arteries remains a problem.

Densitometric reconstruction

In order to reconstruct a single arterial segment in three dimensions, it sometimes suffices
to acquire a single-plane angiogram in which the segment is completely filled with con-
trast agent. As will be discussed in Section 4.5.3, the thickness of the mass of contrast
represented by each pixel in the angiogram can be estimated using Digital Subtraction
Angiography (DSA). So, after (automatic) delineation of the borders of the vascular seg-
ment, DSA is used to determine the cross sectional area of the vessel [Molloi et al. 1995,
2001; Parker et al. 1988b; van den Broek et al. 1995].

A major problem in this approach is the relatively low accuracy due to noise, motion
artifacts, and foreshortening. Also, the DSA imaging system needs to be calibrated in
order to get absolute dimensions. But even with all appropriate precautions, it is question-
able whether the contrast agent will completely replace the blood (which is a prerequisite
for densitometric reconstructions). Especially just downstream of a stenosis, turbulence
and jet-streaming may occur, leading to a gross overestimation of the length of the steno-
sis, as was already noted in Section 4.4.

4.5.3 Digital subtraction angiography (DSA)

In astronomy, the subtraction of two images was first used around the year 1900 to en-
hance the visibility of faint celestial objects. In radiology, this technique was introduced
much later, around 1960, and did not gain wide attention until the late 1970’s and early
1980’s [Verhoeven 1985]. The cumbersome film subtraction technique (requiring a dark-
room to produce mask films on site) became obsolete when Mistretta’s group developed
the first digital subtraction system (DSA) in 1978 [Verhoeven 1985]. With their system,
irrelevant structures in the angiographic images were cancelled by subtracting an image
acquired prior to the contrast injection. In the resulting images only the arteries (or, to
be more precise, the contrast material administered) are visible. The increased contrast
resolution enables the use of intravenous contrast material infusion, which decreasing
the invasiveness of the procedure. To show that DSA is necessary to visualization of
intravenously administered contrast material, assume an intravenous (right atrial) bolus
injection of 50 ml of contrast material containing 370 mg/ml of iodine with an atomic
mass of 130 g/mol (a larger bolus is not practical, as it increases the risks of allergic or
toxic reactions). The resulting bolus is diluted by approximately 1 liter of blood (the cen-
tral volume) before it reaches the coronary arteries (first pass). So, the concentration (in
[mmol/ml]) becomes:

c ≈ 50 [ml]
1000 [ml]

· 370 [mg/ml]
130 [mg/mmol]

= 0.14 mmol/ml (4.18)

This shows that intravenous administration of contrast material leads to a concentration
that is insufficient for non-subtracted angiography (requiring concentrations in the molar
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range [Fröhlich et al. 1997]). With the help of DSA, intravenously administered con-
trast material can be visualized without requiring substantially larger amounts of contrast
material.

The fundamentals

For the cause of argumentation, assume that there are no deteriorating effects like scat-
ter and beam hardening, such that Equations 4.1 and 4.2 hold (hMTF = δ(u,v) in Equa-
tion 4.16). An image that is acquired without administering any contrast material (the
‘mask’ image) can then be written as:

Gmask(u,v) = gII · Iin · exp

(
−
∫

‘body’
µtissue dz

)
· exp

(
−
∫

‘vessel’
µblood dz

)
(4.19)

where ‘body’ denotes the path of the beam through the body of the subject, excluding
the vessel of interest. For another image acquired with contrast administration, denoted
by Gcontrast(u,v), basically the same expression holds, only replacing the µblood for µc (see
Equation 4.3). Subtracting the logarithms of both images results in the Digital Subtraction
Angiography (DSA) image:

Gdsa(u,v) def= log(Gcontrast(u,v))− log(Gmask(u,v))

=
∫

‘vessel’
µblood(u,v,z)dz−

∫
‘vessel’

µc(u,v,z)dz
(4.20)

Since the attenuation coefficient of blood is much smaller than the attenuation coefficient
of the contrast agent, this expression can be simplified to:

Gdsa(u,v) ≈−
∫

‘vessel’
µc(u,v,z)dz (4.21)

Assuming that the contrast material is homogeneously distributed throughout the vessel
of interest such that µc(u,v,z) = µc for (u,v,z) inside that vessel, this calculates as:

Gdsa(u,v) ≈−x(u,v) ·µc (4.22)

The function x(u,v) denotes the length of the X-ray path through the vessel at image
coordinates (u,v). So, the grey value of each pixel in the DSA image is proportional to
the length of the path through the contrast agent. Since the background structures have
been eliminated, the contrast in the image improves dramatically, and intravenous contrast
injection becomes feasible [Verhoeven 1985].

Main problems

Unfortunately, the application of this technique in practice is more complex. First of all,
the effects discussed in Section 4.3 influence the validity of Equation 4.20, and subse-
quently of its approximation (Equation 4.21). Most notably, the influence of scatter and
veiling glare, beam hardening, and the automatic brightness control system makes the
image values in the DSA image to be non-quantitative without proper corrections. Since
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Figure 4.5: The result of Digital Subtraction Angiography on coronary arteries. The top
row shows the original (contrast) images, the bottom row the corresponding DSA images.
In the lower right DSA image, motion artifacts are visible as the dark line along the
margin of the diaphragm, and as the ‘cloudlike’ patterns.

the technique of digital subtraction itself is normally only used for (qualitative) view-
ing purposes, a thorough discussion of these effects will be postponed to the section on
densitometry, where the DSA pixel values will be used quantitatively (Section 4.5.4).

Another confounding effect in subtraction angiography is motion; the mask- and con-
trast images have to align perfectly, which is hard to accomplish since some voluntary
or un-voluntary patient motion between the two acquisitions is unavoidable. The motion
due to the cardiac contractions can be circumvented by gating the image acquisition to
the ECG signal. But gating problems (e.g. in arrhythmia) and other types of motion cause
residual motion artifacts, which are eminent as light and dark lines along strong grey value
gradients in the image. This is illustrated in Figure 4.5, which shows two cardiac gated
subtraction images (bottom row). As can be seen in the lower right image, cardiac gating
is no guarantee for perfect registration of the two contrast- and mask images. Although
retrospective motion correction is a commonly applied solution for DSA images of e.g.
the extremities [Buzug et al. 1997, 1999; Cox 1994; Meijering et al. 1999a], such methods
are less suited to cardiac images [Schrijver and Slump 2001]. We will elaborate on this
subject in Section 5.5, and propose a solution in Chapters 6 and 7.
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The dual energy subtraction technique

A slight modification of the digital subtraction technique circumvents the problems with
patient motions, as it enables the acquisition of both images in rapid succession. Instead
of subtracting an image without contrast administration from the image with contrast, two
images at different energy levels E1 and E2 are subtracted, hence the term Dual Energy
Subtraction Angiography. If the higher energy level E2 is chosen just above the 33.2
keV k-edge of iodine (see Figure 4.3, the resulting X-ray beam is attenuated relatively
strongly due to photoelectric absorption (by exciting electrons in the outer k-shell of the
iodine atoms). By choosing the lower energy level E1 just below 33.2 keV, the difference
in attenuation coefficients of iodine for E1 and E2 is considerable, while the attenuation
coefficients for normal tissues is almost equal (µtissue(E1) ≈ µtissue(E2)). Logarithmic
subtraction of the image acquired at energy level E1 from the image at level E2 then
yields (compare to Equation 4.20):

Gdual(u,v) =
∫

‘vessel’
µc(u,v,z;E1)dz−

∫
‘vessel’

µc(u,v,z;E2)dz (4.23)

Again assuming a spatially homogeneous distribution of contrast such that µc(u,v,z;E) =
µc(E) inside the vessel, this simplifies to:

Gdual(u,v) ≈ x(u,v) · (µc(E1)−µc(E2)) (4.24)

(compare to Equation 4.22) [Molloi et al. 1995].
Although dual energy subtraction angiography does not suffer from motion artifacts

(both image can be acquired with only a very small delay, in the order of milliseconds),
application of this technique requires X-ray sources producing a beam with a very narrow-
band energy spectrum. Current X-ray sources produce a full spectrum of radiation, which
deteriorates the results considerably. And even with a monochromatic X-ray source like a
synchrotron [Dix et al. 2001], the low photon energy dictated by the iodine k-edge (about
33.2 keV) is insufficient for thoracic imaging, especially in obese patients.

4.5.4 Densitometry

Densitometry is basically a particular application of digital subtraction angiography; it
attaches a quantitative property to the pixel values of the DSA image. Suppose that the
attenuation due to the contrast agent is much higher than due to blood, such that Equa-
tion 4.21 holds. Substitution of Equation 4.3 into Equation 4.21 then yields:

Gdsa(u,v) = −µc0 ·
∫ Z

0
ρ(u,v,z)dz (4.25)

where ρ(u,v,z) denotes the local iodine density. Since ρ(u,v,z) will be zero outside the
vessel (assuming no extravasation of contrast, see Section 3.1.3), the integral interval is
from zero to the source-detector distance Z, unlike Equation 4.21 which is restricted to
the vessel.

Integration of Equation 4.25 over a certain image area (ROI) results in:

−
∫∫

roi
Gdsa(u,v)dA = µc0 ·

∫∫∫
Vroi

ρ(u,v,z)dV (4.26)
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Figure 4.6: The concept of densitometry with a parallel X-ray beam in the z direction.

Since the integral on the righthand side equals the amount of substance Q, this expression
links the DSA image values to the amount of contrast material (i.e. iodine) in the three
dimensional cone spanned by the image area of the ROI and the focal spot of the X-ray
source (see Figure 4.6):

Qroi =
∫∫∫

Vroi

ρ(u,v,z)dV =
−1
µc0

∫∫
roi

Gdsa(u,v)dA (4.27)

In practice, the DSA image is discretely sampled, and thus:

Qroi =
−Ap

µc0
∑

(u,v)∈roi

Gdsa(u,v) (4.28)

with Ap the pixel size [m2]. Although this discrete expression is normally used in practical
implementations, the form using the double integrals is fundamentally more correct and
will therefore be used in the sequel.

In most cases, the contrast material is confined to a small compartment within the
cone Vroi, i.e. it is confined to the vessel running through the ROI. And if the volume V of
that compartment is constant and known, the average contrast agent concentration in that
compartment is easily calculated as:

c̄roi =
Qroi

V
=

−1
µc0V

·
∫∫

roi
Gdsa(u,v)dA (4.29)

Hence, densitometry enables the determination of average indicator concentrations in a
confined compartment, without requiring (cross sectional) mixing (see Section 3.1.4).

4.5.5 Absolute densitometric measurements

In some applications, it is sufficient to have an image Gdsa(u,v), in which each pixel value
is, in some way, positively related to the amount of contrast material represented by that
pixel. In those applications, it may not even be necessary to perform mask-mode sub-
traction as described by Equation 4.20; simple logarithmic transformation of the contrast
image suffices. However, in other cases it is necessary to know the relationship between
pixel values and amounts of contrast material exactly, for example in determining the ab-
solute volume of a vessel segment. In such cases it is necessary to employ appropriate
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correction mechanisms to correct for e.g. scatter and veiling glare. After such correc-
tions, the required relationship is linear, enabling convenient calibration of the system
with a contrast step wedge. One should keep in mind, however, that in most practical
applications (and in particular in cardiology), motion is one of the biggest problems. So,
even after applying all appropriate correction and calibration procedures as described be-
low, the accuracy of the method may still be poor due to motion artifacts.

Correction methods

In order to obtain a linear relationship between the pixel value and the iodine density (for
as far that is possible in practice), several correction algorithms have to be considered.
Fortunately, the influences of some of the deteriorating effects as discussed in Section 4.3
are limited, or are quite easily corrected for [Doriot et al. 1988; Whiting et al. 1991]:

• The influence of noise on the accuracy of the densitometric measurement depends
on the size of the ROI that is used in Equation 4.27: the larger this ROI, the more
noise is suppressed. This aspect will be discussed in more detail in Section 5.1.

• Densitometry is relatively insensitive to geometrical distortions, as it only influ-
ences the pixel area Ap (Equation 4.28) and the volume Vroi. Normally, the induced
changes are very small, and do not need correction, except when comparing den-
sitometric measurements obtained from two different image areas (e.g. one ROI in
the center of the image and another near the border) [Whiting et al. 1991].

• The influence of beam hardening on the densitometric result is small because the
path length through the contrast material is relatively short [Cusma et al. 1987]. So,
during both acquisitions (the mask image and the contrast image), the effects of
beam hardening will be approximately equal. It does have its effect on the effective
attenuation coefficient of the contrast material though, making the constant factor
µc0 in Equation 4.27 dependent on both the maximum photon energy of the beam
(qkV p), and the position of the vessel within the body. Due to this effect, care
should be taken with the extrapolation of the calibration results obtained with an
external contrast step wedge (see below).

• If not disabled or properly corrected for, white compression deteriorates results
considerably. In most (experimental) setups, it can be disabled; otherwise it can
corrected for by calibrating the system using a contrast step wedge, as will be de-
scribed shortly.

• Due to the administration of contrast material in the contrast image, the automatic
brightness control system will generally increase the intensity or energy level of the
beam compared to the mask image. In the lock-in mode of the equipment, only the
cathode current is adapted, resulting in a slightly higher intensity Iin. Unfortunately,
this effect is difficult to correct for (specialized X-ray equipment used in research
institutions may have the option to completely disable this feature).

• Obviously, the limited spatial resolution (e.g. due to the limited focal spot size) af-
fects the quality of the densitometric measurement. In most applications, however,
this is not the limiting factor.
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Scatter correction

What remains are the influences of scatter and veiling glare, and above all motion arti-
facts (see Chapter 7 for details on motion correction). Scatter and veiling glare can be
corrected for by using the method outlined in Section 4.3.3. By placing a small piece of
lead in the field of view, completely blocking all primary radiation (see Equation 4.6), the
contribution of scatter and veiling glare (i.e. αsvg) can be assessed. Normally, this blocker
is placed such that, in the image, it overlies the myocardium very close to the measure-
ment ROI [Eigler et al. 1988; Haude et al. 2000; Molloi et al. 1998a; Whiting et al. 1986].
The image intensity in the shadow of this blocker is completely due to scatter and veiling
glare, or:

Gblocker = αsvg,0 · G̃blocker ⇒ αsvg,0 =
Gblocker

G̃blocker
(4.30)

with G̃blocker the average intensity of a small image area surrounding the blocker (see
Figure 4.7(a)). Note that, in doing so, it is assumed that the width of the point spread
function hsvg(u,v) is larger than the size of the blocker (otherwise, Gblocker = 0).

G(u,v)

Gblocker

G̃blocker

(a) The image of the (circular) lead
blocker.
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(b) The influence of scatter on the estimated
contrast thickness (µc = 0.072 mm−1).

Figure 4.7: The use of a lead blocker to correct for scatter in densitometry.

The value of αsvg,0 thus found can be substituted in Equation 4.8, or, as done by
Cusma et al. [1987], used to rewrite Equation 4.21. Following the same argumentation as
in Section 4.5.3, and assuming that the absolute contribution of scatter and veiling glare
to both images are the same, the mask image and the contrast image can be expressed as:

Gmask(u,v) = G0(u,v)
(
1+αsvg,0

)
(4.31)

Gcontrast(u,v) = G0(u,v)
(

e−x(u,v)µc +αsvg,0

)
(4.32)

The assumption of a constant absolute scatter and veiling glare contribution is plausible
as it is caused by the surrounding pixels, which, on average, have the same value in both
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the mask and the contrast images. It follows that:

−x(u,v)µc = log

(
Gcontrast(u,v)
Gmask(u,v)

(1+αsvg,0)−αsvg,0

)
(4.33)

(compare to Equation 4.22 with Gdsa = log(Gcontrast/Gmask)). The effect of approximating
Equation 4.33 by Equation 4.22 is shown in Figure 4.7(b). In this figure, undiluted con-
trast material is assumed (having an iodine density ρ = 370 mg/ml), at a radiation energy
of 100 kV (resulting in µc0 = µc/ρ = 2.0 cm2/g from Figure 4.3), and thus µc = 0.072
mm−1.

Contrast calibration

Obviously, in order to obtain absolute contrast material densities, the system has to be cal-
ibrated. This is normally instrumented with a contrast step wedge, consisting of multiple
compartments containing contrast material. By varying either the contrast concentrations
(densities), or the thicknesses of the compartments, the grey-scale values of the DSA im-
age can be calibrated to the true amounts of contrast material [Molloi et al. 1998a; Nissen
et al. 1986; Rutishauser et al. 1970a,b, 1967; Spiller et al. 1983; Whiting et al. 1986]. In
that process, it is important to use an appropriate amount of attenuating material between
the X-ray source and the phantom to ensure that the energy contents irradiating the phan-
tom resembles the spectrum of the radiation impinging on the contrast material in vivo
(e.g. 20 cm of water).

Background correction: motion

In order for densitometry to yield an absolute measure of contrast material densities, the
background of the vessel under investigation should be subtracted according to Equa-
tion 4.20. But in practice, obtaining a proper mask image Gmask(u,v) is not an easy task,
not in the least due to motion. In 1960, a solution to these difficulties was proposed by
Arnulf and Buffard, who used acetylcholin to induce transient cardiac arrest [Amplatz
1991]. However, apart from being risky and unethical, it also prohibits the measurement
of blood flows. So, there is no other way than to adapt the measurement method to deal
with cardiac motions.

Motion causes misregistration between the mask image and the contrast image,
severely influencing the densitometric measurement (see for example the right column
of Figure 4.5). At first sight, breath-holding and ECG gating of the image acquisition
seems to be an appropriate solution, but works only to satisfaction in animal studies. In
such animal studies, respiratory arrest is instrumented by stopping the mechanical venti-
lation system, and due to atrial pacing slightly above the normal heart rate, ECG gating
of the image acquisition proves reliable. In clinical studies on human subjects, however,
the patients are normally awake to allow quick and accurate monitoring of their general
medical condition (in particular their neurological responses, e.g. by asking them simple
questions). Hence, voluntary or involuntary motions (speaking, swallowing, coughing,
etc.) are unavoidable. Also, in general, the patients are not ventilated, such that it depends
on the physical condition of the patient whether or not he or she is able to hold breath for
10 to 20 seconds (or more, in some examination protocols). Atrial pacing (to stabilize the
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heart frequency) of such patients is cumbersome to the performing physician, and also
adds to the discomfort of the patient. As a result, ECG gating of the imaging acquisition
is highly susceptible to sudden changes in heart rate (e.g. tachycardiac response to the
contrast injection) and arrhythmia in general (e.g. secondary to the catheter touching the
vessel wall, reactions to the contrast material, etc.).

So, in clinical studies on awake humans, three types of motions will contribute to the
deterioration of image quality: patient-, table-, and gantry motions, respiratory motion,
and cardiac motion, none of which can be circumvented completely. In Section 5.5 we
will elaborate some more on this, and subsequently propose a solution to this problem in
chapters 6 and 7.

Next to motion, another problem in proper background subtraction is that the back-
ground itself may not be constant in time. This is most apparent in applying Equation 4.29
to measure the contrast agent concentration in one of the epicardial vessels. Since such an
epicardial vessel is overlayed on the myocardium, the opacification (or ‘blushing’) of the
myocardium due to the perfusion with contrast material results in a changing background
intensity. This problem is solved by using a designated ROI in close proximity of the
artery that is used to measure the (average) background intensity. So, instead of using a
pre-contrast mask image Gmask(u,v), an estimate Ĝbg of the mask image is used (compare
to Equation 4.20):

Gdsa(u,v) ≈ log(Gcontrast(u,v))− log(Ĝbg) (4.34)

with:

Ĝbg =
1

Abg

∫∫
bg roi

Gcontrast(u,v)dA (4.35)

and Abg the size of the background ROI. So, Ĝbg exploits the approximately uniform im-
age intensity over the myocardium to estimate the pixel value of the mask image (could
such a mask image be acquired). Hence, there is no need to acquire this mask image any-
more; only the contrast image Gcontrast(u,v) suffices. Unfortunately, the coronary arteries
overlap with the epicardial veins as well, the opacification of which cannot be corrected
for by using a myocardial background ROI. Consequently the DSA (and hence the den-
sitometric) values obtained from an epicardial arterial ROI are less reliable during the
(venous) washout phase.

So far, we only considered DSA in the so-called mask mode, in which a fixed mask
(without contrast material) is subtracted from each of the contrast images. Another type of
subtraction is Gated Interval Differencing (GID), in which two images (both with contrast
material) are subtracted to yield the differences in contrast densities [Vogel et al. 1984].
Normally, these two images are acquired with an interval of one cardiac cycle (Tecg) to
prevent motion artifacts (hence the term ‘gated interval’):

∆Ggid(u,v) = log(Gcontrast(u,v; t0))− log(Gcontrast(u,v; t0 −Tecg)) (4.36)

Applying densitometry to these GID images thus yield the increase (or decrease) of con-
trast material ∆Qroi in the interval Tecg. However, this does not solve any of the problems
with myocardial blushing, let alone the opacification of the coronary veins. In fact, mask-
mode subtraction and GID are basically equivalent; a sequence of ∆Qroi(t) values is easily
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transformed to Qroi(t) and vise versa. Despite this, GID may have some advantages for
displaying purposes as small changes in contrast densities are not obscured by large quan-
tities of contrast material [Vogel et al. 1984].

4.6 Summary

The most important result of this chapter is obtained by substituting Equation 4.20 into
Equation 4.27:

Qroi =
−1
µc0

∫∫
roi

[
log(Gcontrast(u,v))− log(Gmask(u,v))

]︸ ︷︷ ︸
Gdsa(u,v)

dA (4.37)

This expression relates the image pixel values of a pre-contrast mask image Gmask(u,v)
and a contrast image Gcontrast(u,v) to the amount of contrast material Qroi. However, since
it requires a mask image that may not be readily accessible (due to e.g. motion artifacts
or blushing of the myocardium), a more practical approximation is obtained by using
Equation 4.34:

Qroi =
−1
µc0

∫∫
roi

[
log(Gcontrast(u,v))− log

(
Ĝbg

)]
dA (4.38)

with Ĝbg as in Equation 4.35 (using a background ROI close to the measurement ROI).
This expression for Qroi uses a single non-subtracted contrast image instead of a DSA
image (requiring a registered pair of contrast and mask images). However, during the
coronary venous washout phase, this background correction method becomes invalid.

As shown in Section 4.5.5, a contrast calibration procedure and correction for scat-
ter and veiling glare are required in order to obtain an absolute measure of the (local)
amount of contrast material. Since such correction and calibration procedures may be too
demanding in a routine clinical setting, it is preferred to select a blood flow measurement
technique that does not require absolute densitometric measurements. The next chap-
ter (Chapter 5) reviews common blood flow measurement principles, and evaluates their
performance and suitability based on this type of technical considerations.





Chapter 5
DENSITOMETRIC FLOW

MEASUREMENTS

The ability to measure amounts of contrast material from X-ray images (Section 4.5.4)
enables the assessment of blood flow through the coronary arteries. These densitometric
methods employ the tracer kinetic theory of Chapter 3, and can roughly be divided into
four groups: methods measuring transit times, washout methods, methods based on indi-
cator dilution (using the Stewart-Hamilton equation), and methods using the basic mass
balance equation (similar to Fick’s Principle). Comparing this array of methods based on
(clinical) validation studies is very difficult due to the many (external) factors influencing
the outcome of such studies [Ritman 1990]. This chapter will therefore assess the meth-
ods based on their technical merits, such that a more profound selection can be made,
independent of ambiguous validation results or personal preferences.

The foundation of all densitometric blood flow measurement methods is the deter-
mination of contrast densities in specific image patches (regions-of-interest, ROI’s) as a
function of time (using either Equation 4.37 or Equation 4.38) [Vogel 1985]:

D(t) = Qroi(t) =
−1
µc0

∫∫
roi

Gdsa(u,v; t)dA (5.1)

A plot of D(t) versus time (t) is commonly referred to as a time-density curve; alternative
names are contrast pass curves, contrast concentration curves, or indicator dilution curves
(see Figure 5.1 for some examples). All practical implementations use a bolus injection
of contrast, mainly because of the short recirculating time (in the order of tens of seconds)
combined with the relatively large volume of the recirculation system (4 to 5 liters in an
adult) [Guyton and Hall 1996]. This combination leads to a long time before indicator
steady state is reached, rendering constant infusion methods unacceptable regarding the
toxicity of the contrast material (see Section 3.1.3).

This chapter shows the practical implementation of densitometric assessment of coro-
nary blood flow. The first four sections (Sections 5.1 through 5.4 describe the four main
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Figure 5.1: Time-density curves after bolus injection of contrast material into a glass
flow phantom, at different continuous flows. The vertical axis has arbitrary units.

groups of methods mentioned: transit time methods, the washout method, the indicator di-
lution method, and the mass balance method. The last section of this chapter (Section 5.5)
gives a detailed account of the characteristics of the time-density curves.

5.1 Transit time methods

The earliest reported attempts to measure coronary blood flow in vivo by densitome-
try date back to 1970 when Rutishauser and colleagues applied a previously validated
method for measuring carotid blood flow [Rutishauser et al. 1967] to the coronary ar-
teries [Rutishauser et al. 1970a,b]. Shortly after that, Wood’s group at the Mayo Clinic
improved upon the technique by using biplane arterial geometry measurements and log-
arithmic subtraction to correct for background opacification [Smith et al. 1971, 1973].
Their work constitutes the basis of a whole range of methods, commonly identified as the
transit time methods.

The principle of transit time methods is illustrated in Figure 5.2, in which the straight
tube models a non-branching section of an epicardial coronary artery having a volume
V = A ·L. In Section 3.5 it was shown that the flow per volume can be determined as:

F
V

=
1
t̄

=
1

t̄dist − t̄prox
(5.2)

with t̄ the mean transit time (MTT) of the indicator (i.e. of the contrast material) in going
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Figure 5.2: Flow measurement by transit times.

from the proximal to the distal ROI:

t̄ =
∫ ∞

0 tDdist(t)dt∫ ∞
0 Ddist(t)dt

−
∫ ∞

0 tDprox(t)dt∫ ∞
0 Dprox(t)dt

(5.3)

and the start of the contrast injection at t = 0. So, by measuring both the mean transit time
(using Equation 5.3) and the volume V , the flow F can be calculated from Equation 5.2.

5.1.1 Arterial blood flow, myocardial perfusion, and parametric
imaging

The approach of Figure 5.2 with arterial ROI’s only works with the large proximal coro-
nary arteries, as the distal branches of the coronary artery tree are too small to allow direct
assessment of their volumes V . Consequently, only the flow in the epicardial coronary ar-
teries can be assessed with arterial ROI’s. It was shown in Section 2.3 that this epicardial
blood flow is not the same as myocardial perfusion in the presence of collateral flow.
To assess this myocardial perfusion, Vogel et al. [1984] introduced myocardial ROI’s,
enabling the measurement of the local perfusion of a small myocardial area covered by
the myocardial ROI (see Figure 5.3). By doing so, the inlet/outlet sampling experiment
of arterial ROI’s is replaced by a residue detection experiment (see Section 3.1.5). So,
strictly speaking, Equation 5.2 is no longer applicable. However, by modelling the per-
fusion bed by e.g. a single mixing chamber (see Section 3.6), it can be appreciated that
the ‘transit time’ through the system is still related to blood flow and volume (the param-
eter τ = V/F in Equation 3.55). We will return to this discrepancy between theory and
practical application shortly.

Whereas arterial ROI’s in practical applications should cover at least the vessel cross
section (to account for the non-uniform flow profile), myocardial ROI’s can be made
arbitrarily small. So, it is possible to reduce the size of the ROI to a single pixel, and use
all myocardial pixels as separate ROI’s. Consequently, time-density curves are obtained
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(a) Placement of ROI’s.
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(b) Resulting time-density curves dur-
ing basal and hyperemic conditions.

Figure 5.3: The use of myocardial ROI’s to measure perfusion. In this case, one ROI
covers the distal perfusion area of the LAD (RAO caudal view), while a proximal arterial
ROI is used to define tref.

for every myocardial pixel of the image. By extracting flow related parameters from each
of these curves, and using pseudo-coloring to visualize the values of those parameters, so-
called parametric images are constructed [Cusma et al. 1987; Elion and Nissen 1988; Hess
et al. 1990; Lang et al. 1995; Mancini and Vogel 1988; Reiber et al. 1988; Rutishauser
et al. 1988; Vogel et al. 1984]. Obviously, cardiac gating is essential to ensure that each
pixel represents the same patch of myocardium every time its value is sampled. Also,
image noise will have a more distinct influence on the accuracy, as they are no longer
cancelled by the spatial averaging observed with larger ROI’s.

Although Equations 5.2 and 5.3 enable the assessment of (local) coronary blood flow,
there are several operational issues that need to be addressed [Nissen and Gurley 1990;
Ritman 1990]. It concerns in particular the estimation of the volume V , the practical
implementation of Equation 5.3, and the influence of the pulsatile nature of the flow on
the accuracy of the method. These three issues are the topics of the coming sections
(Sections 5.1.2 through 5.1.4).

5.1.2 Estimation of the volume of distribution

In validation studies, it may not be necessary to explicitly measure the volume of the
system (Equation 5.2). By plotting the inverse of the mean transit time (1/t̄) versus the
flow (determined using a reference method), the volume simply follows from the slope of
the linear regression line: 1/t̄ = (1/V ) ·Fref. But since the volume of the system changes
considerably depending on the patient and on the ROI placement, it is not a practical
method for flow measurements in general.
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When working with arterial ROI’s, the simplest solution is to only measure the length
L of the arterial segment, and hence determine the flow per unit of cross sectional area A
(i.e. the average flow velocity):

v̄ =
F
A

=
L
t̄

(5.4)

This length L can be measured using a biplane reconstruction of the arterial segment, as
explained in Section 4.5.2 (its assessment based on a single-plane acquisitions is challeng-
ing due to the geometrical problems discussed in Section 4.3.1). The resulting average
flow velocity v̄ is dependent on the (average) cross sectional area A, which renders the
interpretation of the results (in terms of resulting myocardial perfusion) problematic.

Geometric assessment of volume

To alleviate the interpretation problem of flow velocity measurements, the arterial cross
sectional area A can also be assessed from the coronary angiograms. The methods to do so
include single view QCA systems assuming a circular lumen cross section, densitometric
three dimensional reconstructions, and three dimensional reconstructions from biplane
acquisitions (see Section 4.5). Unfortunately, the distal segments of the coronary arterial
tree are too small to be assessed this way.

An interesting option was used by Simon et al. [1990], who used the cross sectional
area of the proximal artery to assess the volume of the perfusion bed. This is inspired by
the work of Koiwa et al. [1986], who showed that the vascular cross section is proportional
to the size of the perfusion bed supplied by that vessel. Unfortunately, this relationship
between size of the perfusion area and the vascular cross sectional area is likely to be
violated in cardiac patients, rendering the method by Simon et al. [1990] unreliable in
a clinical setting (in healthy patients, moderate results has been obtained [Simon et al.
1990]).

To circumvent the direct assessment of the volume of the system under consideration
altogether, Vogel et al. [1984] proposed to determine the relative blood flow instead of the
absolute blood flow, thereby annihilating the need to determine the volume V explicitly.
Assuming that this volume remains constant while going through different physiological
states (in particular in going in and out of an hyperemic state), the ratio of two flows F1

and F2 (both in the same artery or perfusion bed but at different physiologic states) can be
determined as:

F1

F2
=

F1/V
F2/V

≈ t̄2
t̄1

(5.5)

The results obtained by Vogel et al. [1984] using this method to calculate coronary flow
reserve (CFR) show good correlation with coronary blood flows determined by thermo-
dilution. However, it was soon recognized that good results are only obtained by using
atrial pacing to induce mean coronary blood flow changes; if other means were utilized,
e.g. contrast induced hyperemia, the assumption of a constant volume is violated [Hodg-
son et al. 1985a].
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Densitometric assessment of volume

To overcome the problem of an increased vascular volume during high flows, Hodgson
et al. [1985a] proposed to use the maximum value of the time-density curve D(t) as a
measure of the volume. It is based on the assumption that the contrast injection rate is
sufficiently high to completely replace the blood at the measurement site. So, the total
volume of undiluted contrast material represented by the ROI is calculated as:

V =
Q
c̄

=
Qroi

cca
=

−1
ccaµc0

∫∫
roi

Gdsa(u,v; tmax)dA

=
1

cca
·Dmax

(5.6)

with cca the iodine concentration of the undiluted contrast agent, and tmax the time at
which the contrast material replaces the blood completely:

D(tmax) = max
t

D(t) = Dmax (5.7)

Hence, the maximum value of the time-density curve is proportional to the undiluted con-
trast material volume represented by the ROI. Substitution of this result into Equation 5.5
then yields:

F1

F2
=

Dmax,1/t̄1
Dmax,2/t̄2

(5.8)

Unfortunately, the assumption of complete replacement of blood poses practical prob-
lems. Simon et al. [1990] estimated that an injection rate of about 20 ml/s would be
required to fulfil this requirement, which is much more than the 4 to 6 ml/s normally used
during power injections in man, or the 1 to 2 ml/s for manual injections. This is substan-
tiated by considering a typical time-density curve as obtained during a prolonged manual
contrast injection under routine clinical conditions, as shown in Figure 5.4 (see also Gur-
ley et al. [1990]). Judging from its marked periodic fluctuations, it can be concluded that
the routine contrast injection rate is insufficient to replace the blood. For, these oscilla-
tion are an indication that the contrast material is diluted by the blood, causing a higher
DSA value (higher concentration) during low coronary blood flow (i.e. during systole)
according to the indicator dilution theorem (Chapter 3). Due to this effect, the volume
is underestimated, especially during hyperemia. This subsequently leads to an underesti-
mation of flow and of flow reserve, as noticed by many investigators [Haude et al. 2000;
Nissen and Gurley 1990; Pijls et al. 1990a; Simon et al. 1990].

Some attempts have been made to make use of the influence of the flow on the value
of Dmax. However neither Dmax [Pijls et al. 1990a] nor its inverse [Haude et al. 2000]
correlates well (if at all) to the true flow. Instead of relating Dmax directly to flow, it was
also postulated that the volume (and hence, to some extent, also Dmax) would be indicative
of the presence of a stenosis. For, the vasodilative response of the resistance vessels to the
diminished blood flow in the presence of a stenosis, would increase the vascular volume
of the perfusion area [Haude et al. 2000; Pijls et al. 1990a]. However, due to the problems
discussed above, it is unlikely that this volume can be assessed with sufficient accuracy
to allow the discrimination of stenotic and non-stenotic vessels. Also, in such a method,
one would have to estimate the vascular volume, and not the volume of distribution of the
contrast material (which may extravasate).
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Figure 5.4: The time-density curve of a 9-by-9 pixel arterial ROI in a routinely acquired
coronary angiogram (50 frames per second, and units of grey levels on the vertical axis).
The manual contrast injection (estimated at 1 to 2 ml/s) is not fast enough to completely
replace the blood, resulting in marked fluctuations in contrast densities throughout the
cardiac cycle. Each peak coincides with low flow (i.e. systole).

Measurement of the relative flow reserve

Another approach to the assessment of the volumes of distribution was introduced by
our group, using relative flow distributions across bifurcations to measure the relative
coronary flow reserve (Section 2.4.2) [Csizmadia et al. 2001; Schrijver et al. 1999a, 2001].
In this method, it is assumed that the relative increase in volume of distribution secondary
to hyperemia is constant over the myocardium:

V1
(h)

V1
(0) =

V2
(h)

V2
(0) (5.9)

with V1 and V2 the volumes of arbitrary arterial segments or myocardial areas. The ratio
of flows to each of these areas (denoted by F1 and F2) can be determined angiographically
by using one proximal ROI, and two distal ROI’s (one for each flow). The ratio of these
two flows is denoted by the Bifurcation Flow Ratio, BFR:

BFR
def=

F1

F2
=

V1

V2
· t̄2

t̄1
(5.10)

with t̄1 and t̄2 the mean transit times from the single proximal ROI to the two distal ROI’s,
respectively. By taking the ratio of BFR’s during basal and hyperemic conditions, the
relative coronary flow reserve is calculated as:

RCFR1,2
def=

F1
(h)/F1

(0)

F2
(h)/F2

(0)

=
BFR(h)

BFR(0) =
V1

(h)

V2
(h)

t2(h)

t1(h)

/
V1

(0)

V2
(0)

t2(0)

t1(0) =
t̄(h)
2

t̄(h)
1

· t̄(0)
1

t̄(0)
2

(5.11)
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using Equation 5.9. So, the relative flow reserve can be obtained without measuring the
volumes of distributions explicitly. A major drawback of this method, however, lies in
the assumption of Equation 5.9: for normal (healthy) patients, this condition is likely to
hold by approximation, but for patients suffering from advanced coronary artery disease,
the disease process is likely to alter the hyperemic response of the myocardium. As noted
before, there are indications that the vascular volume distal to a severe stenosis is enlarged
at rest secondary to compensatory vasodilation of the resistance vessels [Haude et al.
2000; Pijls et al. 1990a]. Since such an effect would invalidate our method, additional
(clinical) validation studies are required.

5.1.3 Estimating the transit time

As said, the mean transit time t̄ (Equation 5.3) is inversely related to the flow per volume:
F = V/t̄. However, measuring this mean transit time t̄ in practice is not straightforward.
The relation F = V/t̄ is therefore commonly replaced by an approximation F ≈ V/∆t,
with ∆t an alternative timing parameter approximating the mean transit time t̄.

There are several valid reasons for not using Equation 5.3 directly. First of all, due to
dispersion and mixing it can take a considerable amount of time before the time-density
curve reaches its base level again. And since calculating the mean transit time involves the
complete time-density curve, its tail inclusive, the measurement procedure is inherently
prolonged. Next to this practical inconvenience, it is also debatable to what extent the tail
of the curve represents the normal flow. This tail of the curve is highly influenced by fac-
tors like extravascular contrast accumulation, recirculation, opacification of background
structures (e.g. the coronary veins), and hyperemic responses to the contrast material.
Because of the importance of these effects, Section 5.5.1 will discuss them in more detail;
for the current argumentation it suffices to know that the curve is subject to all kinds of
disturbing effects, in particular the trailing end of the curve.

From this discussion, it can be concluded that the mean transit time t̄ of Equation 5.3
is too sensitive to inaccuracies of the time-density curves. Therefore, alternative timing
parameters are used that do not use the inaccurate parts of the time-density curves. It
is convenient to introduce a reference time tref at which the bolus starts to enter the sys-
tem under consideration (that is, the system that has a volume V ). Using this concept,
Equation 5.3 can be rewritten as:

t̄ =
∫ ∞

0 tDdist(t)dt∫ ∞
0 Ddist(t)dt

− tref (5.12)

in which tref is defined in either of three ways:

• as the mean passage time through a proximal arterial ROI (like the situation de-
picted in Figure 5.2), yielding Equation 5.2 again (another timing parameters can
be used as well, see Table 5.1);

• tref = 0 (i.e. the start of the contrast injection), applicable when using an ECG
triggered power injector;

• as the time of first arrival in the system: tref = tfa.

In most cases it is safe to assume tref = 0 even if the contrast material is injected manually;
it approximates the time obtained with a proximal ROI very close to the injection site.
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Alternative timing parameters

Common timing parameters are summarized in Table 5.1, and are graphically depicted
in Figure 5.5. An overview of literature using these parameters is given in Table 5.2.
The most popular type is the (generalized) arrival time tarr(γ) (with tref ≤ tarr ≤ tmax), in
which the factor γcan be tailored to obtain several other possibilities. The time of steepest
ascend (tsa), and the first appearance time (tfa) are extremely sensitive to noise, and are
therefore always combined with curve fitting, or another means to decrease curve noise
(see Section 5.5) [Pijls et al. 1990a; Rutishauser et al. 1988; Simon et al. 1990; Vogel et al.
1984]. The mean appearance time method, on the other hand, is relatively insensitive to
curve noise, as this noise gets cancelled by taking the integral.

Name Definition tref

t̄ Mean Transit Time (MTT)

∫ ∞
0 t ·D(t)dt∫ ∞

0 D(t)dt
0 or ROI

tarr(γ) Generalized Arrival Time D(tarr) = γDmax 0 or ROI

tfa First Appearance Time tarr(0.05) 0 or ROI

thm Time to Half Max tarr(0.5) 0 or ROI

tmax Time to Peak tarr(1) 0 or ROI

tsa Time of Steepest Ascend argmax
tref≤t≤tmax

∂D(t)
∂t 0 or ROI

tmat Mean Arrival Time 1
Dmax

∫ tmax
tref

[Dmax −D(t)] dt 0 or ROI

∆trt Rise Time tmax - tfa tfa

tmirt Mean Integrated Rise Time tmat - tfa tfa

Table 5.1: Definitions of alternative timing parameters. The word ‘ROI’ in the last col-
umn means that an additional (proximal) arterial ROI is used to define tref, using the same
timing parameter as in the primary (distal) ROI.

The mean transit time after curve thresholding

Another good alternative has been developed in our group, which combines a relatively
uncomplicated application in practice, with a good correlation to the true flow [Csizmadia
et al. 2001]. The method is a modification of the mean transit time method (Equation 5.3).
As discussed before, one of the biggest problem in the direct application of the mean
transit time is posed by the slow descent of the tail of the curve, makes it necessary to
cut off the curves after a certain finite amount of time (see for example Figure 5.1). This
clipping influences the outcome of the calculation of the mean transit time considerably,
as the values are weighted by the time. To prevent this influence, we first threshold the
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Inj.a CFRb Vd
c tref t̄ tarr(%) d ∆trt othere

Rutishauser et al. [1967] p - geom. ROI A
Rutishauser et al. [1970a] m - geom. ROI A
Rutishauser et al. [1970b] m - geom. ROI A
Smith et al. [1971] m - geom. ROI A
Smith et al. [1973] m - geom. ROI A
Spiller et al. [1983] p - geom. ROI A, 50
Vogel et al. [1984] m - regr. 0 tsa

m ap 1 tsa

Hodgson et al. [1985a] p ic, p Dmax 0 8
Nissen et al. [1986] p to 1 0 100
Whiting et al. [1986] m - regr. ROI 100
Cusma et al. [1987] p ap Dmax 0 50
Rutishauser et al. [1988] ? - regr. 0 M 100 tsa

van der Werf et al. [1988] p - regr. ROI M 5, 100 M
Nissen et al. [1988] p to 1 0 100
Eigler et al. [1989] m - regr. 0 Tsys

Reiber et al. [1988] p p Dmax 0 12
Mancini and Vogel [1988] p - Dmax 0 8
Pijls et al. [1990a] p d+ regr. ROI M 1, 12, 100 tsa

p d+ Dmax ROI 1, 12 tsa

Pijls et al. [1990b] p d+ regr. ROI M
Simon et al. [1990] p - Dmax 0 tsa

p - geom. 0 tsa

p - geom. ROI A, tmat

Hess et al. [1990] p ap Dmax 0 25
Lang et al. [1995] p p regr. 0 M 1, 100 M tmirt

Haude et al. [2000] p - regr. 0 M 15 M
p a 1 0 M 15 M
p a Dmax 0 M 15 M

a The method of contrast injection, either manual (m), or using a power (ECG triggered) injector (p).
b The method of inducing hyperemia for the CFR measurement: a = adenosine; ap = atrial pacing; d =
dipyridamole; d+ = constant dipyridamole infusion (so, no resting flow measurement), ic = ionic contrast agent,
p = papaverine; and to = temporary (15 s) occlusion. If no method is specified, only resting flow is measured.
c The method in which Vd is determined: geom. = vascular geometry determined by (biplane) angiography;
regr. = Vd follows from the slope of the regression line.
d The threshold used in of the arrival time method, in percent of the maximum value Dmax.
e Other timing parameters.

Table 5.2: Overview of literature in which coronary flow is measured with a transit time
method, and the timing parameters they use. Myocardial ROI’s are assumed (denoted by
‘M’), unless the type of ROI is specifically set to arterial (‘A’). See text for the definition
of the several timing parameters.
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Figure 5.5: Definition of several timing parameters derived from the time-density curve.

curves to a certain fraction α of the maximal value.

D̂(t) =

{
D(t)−∆ if D(t) > ∆ with ∆ = α ·max

t
D(t)

0 otherwise
(5.13)

Calculating the mean transit time of the curve D̂(t) results in an estimate of the time-
to-peak, tmax. In-vitro experiments show that the mean transit time after thresholding
(threshold α = 55%) has a linear relation with the time of arrival [Csizmadia et al. 2001].
Since this method is less sensitive to noise than a direct calculation of tarr (Table 5.1), it is
to be preferred over the time of arrival methods.

Hemodynamic interpretation

The mean transit time t̄ as calculated by Equation 5.3 is the one and only timing param-
eter that adheres to Equation 5.2; the alternative timing parameters provide only approx-
imations to that equation. For example, the arrival time methods (especially with a low
value of γ), measure the maximum velocity of the flow (v0), and not the mean veloc-
ity (v̄ = F/A). This is one of the main contributors to the systematic overestimation of
blood flow by these methods [Pijls et al. 1990a; Simon et al. 1990; Spiller et al. 1983].
Fortunately, is does not affect relative blood flow measurements (such as flow reserve),
assuming equal flow profiles in both measurements.

A convenient property of the mean transit time (MTT) (as opposed to one of the
alternative timing parameters) is that the shape of the contrast bolus is immaterial, which
enables manual contrast injections as opposed to using a mechanical or pneumatic power
injector. In deviating from the formal definition of mean transit time (e.g. by using one
of the arrival time methods, Table 5.1), the shape of the bolus influences the (accuracy
of the) outcome. Therefore, power injection of contrast material is required to ensure a
single short bolus. We will return to this issue in Section 5.5 to show that an imperfect
bolus shape can be corrected for using transfer function analysis [Eigler et al. 1989].
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One of the conceptual problems with myocardial ROI’s, in combination with a transit
time method, is the determination of the volume V . There is some ambiguity as to whether
a myocardial ROI samples the outlet of a system with volume Vepi, or samples the residue
inside the system with volume Vmyo (see Figure 5.6). In other words, should the volume
of the vasculature supplying the perfusion bed be used in Equation 5.2, or the vascular
volume of the perfusion bed itself? Let’s illustrate this point by an example. Consider
the situation as depicted in Figure 5.6, and assume that a myocardial ROI is used to
sample the amount of contrast material in the distal perfusion bed. Based on the maximum
value of the time-density curve (Dmax), the vascular volume of the perfusion bed Vmyo is
determined. So, the bolus enters the system under consideration (having a volume Vmyo)
is tfa [Cusma et al. 1987]. So, if t = 0 is used as the reference time tref, the volume of
the system under consideration should be augmented by Vepi. Moreover, if in addition to
tref = 0 an appearance time method is used (e.g. the time to half max thm), the volume Vepi

should be used exclusively.

aorta

arterial ROI

contrast injection at t = 0

Vmyo

Vepi

F Fmyo

Figure 5.6: A flow model of myocardial perfusion sites, in which the volume of the sup-
plying arteries Vepi is included (modified from Cusma et al. [1987]).

5.1.4 Pulsatile flow: the contrast propagation method

If a transit time method is used to measure epicardial arterial blood flow (using arterial
ROI’s), there is a serious problem with the phasic changes in flow during the cardiac
cycle [Dorsaz et al. 1997; Nissen and Gurley 1990; Spiller et al. 1983]. This is caused by
the relatively high velocity of the blood through the epicardial arteries (compared to its
velocity in the myocardial perfusion bed), such that it passed both ROI’s (Figure 5.2) very
quickly. Consequently, the bolus passes both of these ROI’s within less than one heart
beat. That would not be a problem were the flow constant; however, coronary arterial
flow is far from constant. This leads to marked differences in apparent flow, depending
on the timing of the bolus injection relative to the phase of the cardiac cycle.

Spiller et al. [1983] exploited the very short passage times to assess phasic coronary
blood flow by repeating the flow measurement with varying injection points within the
cardiac cycle. But due to the cumbersome procedure with many repeated measurement
to obtain sufficient temporal resolution, and due to the limited value of phasic blood in a
clinical setting, this method did not find widespread application.
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Parker et al. [1988a] devised an alternative that is not influenced by phasic flow
changes. In this method, which was later improved upon by Dorsaz et al. [1997], the
mean coronary blood flow is determined using a spatial approach, as opposed to a tem-
poral approach. The idea is that the influence of phasic blood flow is cancelled if the
two ROI’s are positioned such that the mean transit time is exactly equal to one cardiac
cycle (or any positive integer times that period). So, by comparing two images of the
angiographic image sequence that are exactly N (N > 0,N ∈ N) cardiac cycles apart, the
average blood flow is determined, independent of the contrast injection timing.

The easiest way of implementing this is by employing one of the arrival time alter-
natives, instead of the mean transit time. For simplicity, we will use the time to half
maximum [Dorsaz et al. 1997]. The appropriate locations of the ROI’s are then found
by following the (contrast filled) artery until the DSA value drops below half of its max-
imum value. This is illustrated in Figure 5.7. The time-averaged coronary flow velocity
then follows from Equation 5.4:

F̄
A

= v̄ =
∆s

Tecg
(5.14)

The blood flow is calculated by angiographic assessment of the (average) cross sectional
area of the artery.

s

s

(a) The line along which samples are taken.

Dmax

D(t)

distance

Dmax
2

∆s

injection
point

image t0

image
t0 +NTecg

(b) The resulting distance-density curves.

Figure 5.7: The local contrast density as a function of the (three dimensional) distance
s along the vessel (LAD) in two DSA images, acquired a time NTecg apart. The ‘timing’
parameter used is the time to half maximum.

The advantages of this approach are the relaxed requirements on the temporal resolu-
tion of the imaging chain (only one image per cardiac cycle), and the determination of the
time-averaged flow. This also means that cardiac motion is not a problem in the analysis
of the images, since only ECG gated images are used. A disadvantage is the necessity to
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use a biplane reconstruction to assess the distance along the vessel, as well as to assess
the volume of the vessel segment. Furthermore, at high flows, the distance travelled might
reach the very small distal branches, rendering the assessment of the vascular volume in-
accurate. Note that, since this method uses the bolus front, it determines the maximum
velocity, and not the (cross sectional) average velocity.

5.2 The washout method

Unlike the transit time methods (which are strictly speaking inlet- outlet sampling meth-
ods, see Section 3.1.5), a myocardial ROI can also be used to sample the residue of con-
trast material in the perfusion bed [Nissen et al. 1986; Whiting et al. 1986]. In this method,
this myocardial perfusion bed is modelled by a single mixing chamber (Section 3.6.2). It
is furthermore assumed that, after reaching the peak of the time-density curve, the bolus
has completely entered this compartment, such that the change in residue is only due to
washout of contrast material. So, the descending part of the residue curve can be modelled
by a mono-exponential decay curve, as derived in Section 3.6.2 (note that, due to the com-
plete mixing, the outlet- and residue concentrations are the same, and thus, Equation 3.55
applies to the residue curve as well):

D(t) = Dmax exp

(
− t − tmax

τ

)
(5.15)

for t ≥ tmax, and τ = V/F . The value of τ can be derived from the curve by e.g. curve
fitting, or by using a logarithmic plot (see also Figure 5.5, with τ = t1/2

0.693 ).
There are several problems with the washout method. First of all, the method assumes

that mixing is complete in the perfusion bed, which is violated by the limited extraction of
contrast material into extravascular space [Ritman 1990]. Also, the accuracy of the tail of
the curve is diminished due to pulsatile flow, the hyperemic response to the contrast mate-
rial, etc. (see Section 5.5.1). Secondly, the method requires a very short and fast injection
of contrast material to prevent further influx during the washout phase. Producing such a
bolus is not always possible as the bolus is dispersed while travelling from the injection
site to the mixing chamber. So, in practice, the assumption of a mono-exponential decay
after peak concentration may not be valid due to further influx of contrast material.

5.3 The indicator dilution method

The indicator dilution approach to measuring coronary blood flow and myocardial per-
fusion (using the Stewart-Hamilton equation, Equation 3.28), measures the flow directly,
without requiring the assessment of the volume of distribution. The downside is that it re-
quires, in general, the determination of absolute contrast densities (refer to Section 4.5.4
for an overview of the issues involved in obtaining such absolute measurements using
densitometry).

It seems obvious to determine the amount of contrast administered, m0, by using a
graded syringe. But, next to being sensitive to operator inaccuracies, diffusion phenomena
at the catheter tip decrease the accuracy is well. Since the internal volume of the catheter
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needs to be taken into account, the catheter is flushed with contrast material prior to the
injection [Newby 2000]. But due to (turbulent) mixing and diffusion, a part of the contrast
near the tip of the catheter will ‘washout’ before the onset of the injection. So, although
weighing of the syringe diminishes readout errors, its accuracy is limited by this washout
process [Gurley et al. 1990; Nissen and Gurley 1991]. Note that the same problems
exist when using a power injector that can be programmed to deliver a known amount
of substance. Still, the power injector approach is commonly used method because of its
convenience and the relatively small errors induced [Elion and Nissen 1988; Nissen et al.
1986, 1988; Nissen and Gurley 1991].

In the practical implementation of the indicator dilution method, the area under the
outlet curve (Equation 5.17) must be calculated from a discretely sampled time-density
curve. This causes inaccuracies if the time resolution of the curve is low compare to speed
of the bolus passing the ROI. Also, since the complete curve is used in this calculation,
all the problems with the inaccuracy of the tail of the curve arise. In this respect, it suffers
from exactly the same problems as the mean transit time method does (Section 5.1.3).

5.3.1 Densitometric determination of m0

A solution to the determination of m0 was developed by Simon et al. [1990], based on
a similar technique as was used to determine the volume of distribution (Section 5.1.2).
The idea is that a large ROI covering the complete myocardium, including its (epicardial)
vessels, can be used to assess m0 (see Figure 5.8). The maximum value of the time-density
curve of this large ROI is a measure of the total amount of contrast material administered.
However, the bolus that reaches the system should be sufficiently short to prevent efflux
before reaching peak intensity. So, the injection should be fast, and dispersion of the
bolus in the inlet conduit should be minimal.

The method of Figure 5.8 has the additional benefit that the densitometric system
need not be calibrated, since both the numerator and the denominator of Equation 3.28
will contain the calibration factor. For, the numerator (m0) can be written as (using Equa-
tion 4.27):

m0 = max
t

{−1
µc0

∫∫
myocardium

Gdsa(u,v; t)dA

}
=

−1
µc0

∫∫
myocardium

Gdsa(u,v; tmax)dA
(5.16)

and the denominator as:∫ ∞

0
cout(t)dt =

∫ ∞

0
D(t)dt =

−1
µc0

∫ ∞

0

[∫∫
roi

Gdsa(u,v; t)dA

]
dt (5.17)

So, by substituting these two expression into the Stewart-Hamilton equation, the calibra-
tion factor µc0 is cancelled.

5.3.2 Parametric imaging

A very elegant application of the Stewart Hamilton equation is described by Elion and
Nissen [1988]. It is a parametric imaging technique in which ECG gated angiographic
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(a) The ROI placement.
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Dmax

D(t)

time

arterial ROI

large ROI

(b) The resulting time-density curves.

Figure 5.8: The method of using a very large ROI to measure the amount m0 of contrast
material administered, as proposed by Simon et al. [1990]. The time-density curve of the
large ROI shows a plateau, indicating that no contrast material leaves the region before
the bolus has completely entered.

images (to prevent cardiac motion artifacts) are simply added and subsequently inverted:

Gflow(u,v) =
1

∑k∈N Gdsa(u,v; t0 + kTecg)
(5.18)

Since Gdsa(u,v; t) is proportional to the contrast concentration, the denominator of Equa-
tion 5.18 equals the denominator of the Stewart-Hamilton equation in every pixels (u,v).
By assuming that the same amount of contrast (for convenience a unity amount is as-
sumed: m0(u,v) = 1) flows through each of the anatomical areas in every pixel (u,v), it
can be seen that Gflow(u,v) is indeed proportional to flow.

5.4 The mass balance method

Yet another type of method to determine coronary blood flow was developed by Marinus
et al. [1990], which was subsequently simplified by Molloi et al. [1998a]. The idea is
surprising simple. Suppose we are able to measure the contrast concentration cin in the
inlet of a myocardial region, as well as the total amount of contrast material that resides
inside that region, ms. The inflow is then calculated by applying the mass balance of
Equation 3.2, under the assumption that there is no efflux at the time of measurement:

∂ms

∂t
= Fcin ⇒ F =

∂ms/∂t
cin

≈ (ms(t +∆t)−ms(t))/∆t
c̄in(t;∆t)

(5.19)
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in which c̄in(t;∆t) denotes the average contrast concentration in the inflowing blood over
the time interval from t to t +∆t. Normally, ∆t is chosen to be equal to one cardiac cycle
Tecg to prevent motion artifacts. However, with a shorter period of time, phasic changes
in blood flow through the cardiac cycle can be determined as well.

In the practical implementation, two ROI’s are used: one large ROI covering the com-
plete perfusion bed of the artery to measure the amount ms (similar to the method of
Section 5.3 [Simon et al. 1990]), and a second ROI to sample the inlet concentration cin

(see Figure 5.9). The average concentration c̄in(t;∆t) is determined by extending the ar-
terial inlet ROI to cover, by approximation, the complete volume of blood that will enter
in the next heart beat. Denoting the position along the supplying artery where it emp-
ties into the perfusion area by s0, and the concentration along the vessel by cin(t;s) for
0 ≤ s ≤ s0 (assuming a constant concentration over the cross section), the time-average
concentration is approximated by:

c̄in(t;∆t) =
1
∆t

∫ t+∆t

t
cin(t;s0)dt ≈ 1

v̄∆t

∫ s0

s0−v̄∆t
cin(t;s)dx (5.20)

(using the average blood velocity in the artery v̄). In other words, the arterial inlet ROI
should sample the supplying artery over a length v̄∆t. Since both the numerator and the
denominator of Equation 5.19 are determined by densitometry, no contrast calibration is
required (similar to the method described in Section 5.3).

v̄∆t

(a) The ROI placement.

0

Dmax

D(t)

time

arterial ROI

large ROI

Tecg

(b) The resulting time-density curves.

Figure 5.9: The mass balance method, using one arterial ROI of a specific length (v̄∆t),
and a larger ROI covering the complete perfusion area, including all vessels.

A disadvantage of this method is caused by the difficult identification of the perfusion
bed due to overlap, transmural layers, etc. It is essential that the large myocardial ROI
covers the complete perfusion bed; if a certain part is not accounted for, the flow deter-
mined by Equation 5.19 is only a fraction of the true flow. So, the myocardial ROI is
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normally chosen quite big, just to be sure. However, with such ROI that is too big, the
opacification of neighboring perfusion beds causes a gross overestimation of the amount
of contrast material contained in the perfusion bed. To prevent this opacification of neigh-
boring perfusion beds, the contrast injection should be very selective. And since selective
contrast injection into distal branches is not possible, this restricts the application of this
method to the proximal coronary arterial flow only.

Another disadvantage of this method is associated with the determination of the vas-
cular volume. In order to calculate the average concentration (Equation 5.20) using den-
sitometry, it is required to estimate the volume of the arterial segment represented by the
inlet ROI. As shown before, estimating this volume is in itself already troublesome (see
Section 5.1.2). But the increasing length of the ROI at high flows (Lroi = v̄∆t) renders the
assessment of that volume prone to errors, for example due to the presence of branches.
In fact, it may grow so large that the injection site is reached (s = 0 in Equation 5.20).
So, in practice, it may be necessary to select a smaller value for ∆t, i.e. ∆t < Tecg, thereby
reintroducing the problems with cardiac motions. The implementation of this method
by Molloi et al. [1998a] therefore employed a simplified approach. The arterial ROI is
omitted, and the inlet concentration is assumed to be equal to the concentration of the
undiluted contrast agent. Obviously, this makes the procedure more manageable, but it is
debateable to what extent total replacement of blood can be accomplished under clinical
conditions (as discussed in Section 5.1.2).

5.5 Analysis of the time-density curves

Since all the method discussed in the previous sections rely heavily on the time-density
curves, the characteristics of these curves are an important factor in the accuracy of densit-
ometric flow measurements. This section therefore discusses the most important aspects
and techniques related to the handling of these curves.

The usual approach to obtaining time-density curves of the coronary circulation, is to
use a cardiac gated image acquisition, such that Equation 5.1 changes to:

D(kTecg) =
−1
µc0

∫∫
roi

Gdsa(u,v;kTecg)dA (5.21)

Normally, the samples of D(t) are taken during late diastole, such that errors due to timing
inconsistencies (secondary to e.g. cardiac arrhythmia) are minimized (during late diastole
the motion of the heart is considerably less than during the other phases of the cardiac cy-
cle). The advantage of this approach is the so-called “apparent cardiac arrest”. However,
that is only true during breath-hold, a very regular heart rhythm, and no (involuntary)
patient motions. So, in practice, some residual motions will be present in cardiac gated
image sequences.

5.5.1 General curve characteristics

Due to inaccuracies in the densitometric density measurement, as well as other confound-
ing effects like recirculation and extravasation, a typical time-density curve is charac-
terized by noise, low temporal resolution, and a different shape than the theoretically
expected curve [Nissen and Gurley 1990].
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Inadvertent contributions to the time-density curve

Assume for now that it is possible to measure the contrast density at any given location in
the image with an infinite accuracy, and with an infinite temporal resolution. Even with
such an ideal density measurement system, the (noiseless) time-density curve will not
have a shape as can be expected from theory. This is caused by some inadvertent effects
that contribute to the time-density curve:

• Recirculation of contrast material. Due to the recirculation, the time-density curve
will show two or more peaks, instead of just one. By modelling the system under
consideration, recirculation can be corrected for by fitting an expected time-density
curve to the data obtained before the onset of recirculation. This works especially
well with a mixing chamber model, allowing linear regression in a semi-log plot of
the curve: log(D(t)) versus t.

• Extravascular accumulation of contrast material. A small part of the contrast mate-
rial will leave the vascular volume, and diffuse into perivascular tissues. This will
cause a blunted time-density curve with a lower peak and slower washout than can
be expected from a single-compartment model. Fortunately, if the passage of the
contrast material is fast, extravasation can be ignored.

• Shape of the contrast bolus. If the contrast material is manually injected, the bolus
can have many different forms, including multiple smaller boluses in rapid succes-
sion. But even if the bolus is an ideal Dirac pulse at the injection site, it will be
dispersed by the laminar flow and all kinds of mixing effects before it reaches the
system under consideration. And it the shape of this dispersed bolus that determines
the validity and accuracy of the measurement method.

• Non-steady flow. As discussed in Section 5.1.2, the contrast bolus does not fully
replace the blood. Consequently, the contrast material is diluted by the blood; more
dilution at high flow (during diastole), and less at low flows (during systole). This
results in fluctuations in the time-density curve, especially apparent with long con-
trast boluses (see Figure 5.4) [Nissen and Gurley 1990].

• Opacification of background structures [Nissen and Gurley 1990]. Due to the spe-
cial anatomy of the coronary circulation, the epicardial coronary arteries and veins
run parallel to each other. As a result, the opacification of the vein during the my-
ocardial contrast washout phase will appear as if the arteries receive a second bolus
of contrast material. A similar effect occurs with the myocardial opacification, but
this can normally be corrected for by using an adjacent patch of myocardium, as
shown in Section 4.5.5.

• Overlap of perfusion areas. When working with myocardial ROI’s, these ROI’s
represent the transmural perfusion area, as well as a myocardial area at the op-
posing side of the heart. This is a direct consequence of the fact that the images
are projections of the three dimensional myocardium. Marked perfusion difference
in these areas (e.g. differences in perfusion of the subendocardial and subepicar-
dial layers of the myocardium) result in the superposition of multiple time-density
curves [Klocke 1976; Ritman 1990].

• Influence of the contrast material on flow [Nissen and Gurley 1990; Vogel 1985].
It is well known that the injection of the contrast material disturbs the autoreg-
ulative system of myocardial blood flow, and causes a transient hyperemic re-
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sponse [Hodgson et al. 1985b]. Since the start of the hyperemic response is within
seconds [Hodgson et al. 1985b; Vogel 1985], only the first seconds of the time-
density curve is representative of resting flow; the rest of the curve represents a
considerable higher flow. Obviously, this effect does not occur in the measurement
of maximum blood flow.

Next to these factors that influence all time-density curves, no matter how accurate the
densitometric measurement method is, there are also some effects that only occur in spe-
cial cases. For example, retrograde filling of a vessel, and jet-streaming of blood through
a narrow passage (e.g. a coronary stenosis). These abnormalities are normally easily rec-
ognized and/or corrected for, for example by relocating the ROI to a more distal part of
the vessel.

It can be concluded that especially the tail of the curve is subject to many confounding
factors, while the first few seconds of the curve is relatively unaffected (before opacifica-
tion of the background starts, before the hyperemic response, and before recirculation).

Curve noise

Unfortunately, the ideal density measurement system as assumed above does not exist.
Consequently, the curves encountered in practice will be noisy, and have a limited tem-
poral resolution [Nissen and Gurley 1990; Whiting et al. 1991]. The noise has two main
contributors: image noise, and densitometric measurement noise caused by motion arti-
facts. In order to decrease the noise level, several approaches can be used:

• Spatial averaging using a (large) ROI;
• Spatial averaging of the parameters derived from the noisy time-density curves (in

parametric imaging). This is the most appropriate approach in quantitative valida-
tion studies of parametric imaging techniques, as shown by Hodgson et al. [1985a];

• Temporal averaging of multiple time-density curves [Lang et al. 1995]. The idea
is to acquire multiple cardiac gated time-density curves, each at a different phase
of the cardiac cycle (thus preventing motion artifacts). This set of curves is subse-
quently averaged (weighted by a curve-quality measure) to compose a new time-
density curve with a higher accuracy [Lang et al. 1995];

• Curve fitting based on an assumed model of the system (see Section 5.5.3).

In the literature, the size of the ROI’s is normally chosen based on experience or on
heuristic rules. However, it is advisable to carefully consider the impact of the ROI size
on the eventual outcome of the measurement. First consider an arterial ROI like the ones
depicted in Figure 5.2. The length of the ROI Lroi (that is, its dimension parallel to the
flow) determines the ‘smoothness’ of the time-density curve. The ROI serves as a point-
spread function that behaves as a rectangular-shaped low-pass filter, with a length (in
time) Lroi/v̄. The ROI should therefore not be too long as it may hide high-frequency
components of the time-density curve. On the other hand, too short a ROI will increase
the influence of noise. In practice, a length in the order of one to two times the vessel
diameter will normally suffice.

Choosing the width Wroi of an arterial ROI (its dimension perpendicular to the flow,
see Figure 5.2) is more complicated. In early approaches, such as by Rutishauser et al.
[1970a] and by Smith et al. [1971], the width was chosen quite big (though, without
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overlapping any neighboring vessels). The idea was that, with a fixed position of the
ROI within the images, the motions of the vessel segment during the experiment can be
‘captured’ due to the large size of the ROI. However, a large ROI will also contain a lot
of background structures, the motion and/or opacification of which are not corrected for.

In case of a myocardial ROI instead of an arterial one, slightly different aspects come
into play, as the clear distinction between the length and the width of the ROI vanishes.
As the heart consists of two opposing walls, each wall being composed of several trans-
mural layers, it is almost impossible to uniquely identify the perfusion area represented
by a myocardial ROI. As a result, the ROI will represent perfusion areas of more than a
single coronary arterial branch, making the interpretation of e.g. measured flow deficits
troublesome. The solution to this problem is twofold: the use of small ROI’s close to the
arterial branch of interest, and a selective injection of contrast material into that branch
only [Ritman 1990]. The selective injection ensures that no opacification occurs of over-
lapping parts of the myocardium, and the small ROI near the arterial segment ensures
that the flow being measured actually represents the flow in that segment, and not one
of its neighbors. However, practical problems limit the applicability of this approach.
Very selective contrast injection increases risks (see Section 4.2), and prohibits the cre-
ation of a global overview of the myocardial perfusion by only a few acquisitions. Also,
small ROI’s near the arteries need to be repositioned carefully to prevent overlap with the
contrast filled arteries.

5.5.2 Temporal resolution and motion

The need to carefully reposition the ROI’s is closely related to the temporal resolution of
the time-density curves. For, the usual approach to solving this motion problem is to use
cardiac gated image acquisition, which results in a very poor temporal resolution of the
time-density curve (one sample per heart beat). Especially in measuring epicardial arterial
blood flow, this is a major problem because of the relatively high blood flow velocity (up
to 75 cm/s during hyperemia [Kirkeeide et al. 1986] compared to 1–2 samples per second
at 60–120 beats per minute). This provides a possible explanation for the generally lower
accuracy of these methods in humans compared to animal studies. The animals used
(mostly dogs or pigs) have a considerable higher heart rate than humans, rendering the
method more accurate in animals.

The earliest approach to improving the temporal resolution of cardiac time-density
curves by using multiple samples from every cardiac cycle was reported by Smith et al.
[1971]. By making the arterial ROI so large that, at every point in time during the car-
diac cycle, the artery of interest passed through it, the ROI does not need repositioning.
However, next to the background problems associated with a large ROI (as shown be-
fore in this section), longitudinal motion of the artery through the ROI is uncorrected for,
which obviously deteriorates the reliability of the time-density curves in bolus injection
experiments.

5.5.3 Curve fitting

By fitting a model curve to sparse sample points (e.g. those obtained with cardiac gated
image acquisition), the derivation of timing parameters (see Table 5.1) becomes more
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accurate, because of the following effects:

• curve fitting increases the apparent temporal resolution, basically by interpolating
between sparse sample points based on an assumed system model;

• it reduces curve noise such that curve derivatives can be calculated with reasonable
accuracy;

• and it allows the extrapolation in time of the tail of the curve (in a semi-logarithmic
plot, the mono-exponential decay of most time-density curves can be extrapolated
by a straight line using linear regression).

Due to the extrapolation in time, the measurement can be shorter without deteriorating
the results, and recirculation can be corrected for (recirculation causes a marked deviation
from a straight line in a semi-logarithmic time-density plot).

The approach of curve fitting based on a model of a system can be taken a step further,
as shown by Eigler et al. [1989, 1991]. Because, the shape of the curve is not only
determined by (the model of) the system, but also by the shape of the contrast bolus:

D(t) = (x∗hsystem)(t) (5.22)

with x(t) the shape of bolus entering the system, and hsystem(t) the systems impulse re-
sponse function (see Section 3.1.4). Since x(t) can be measured using an arterial ROI very
close to the (single) inlet of the system under consideration, i.e. x(t) = Dinlet(t), the ob-
served impulse response function of the system follows by deconvolving the time-density
curves of the in- and outlet ROI’s. In the z-domain [Kwakernaak and Sivan 1991]:

Hsystem(z) =
Doutlet(z)
Dinlet(z)

(5.23)

However, since the deconvolution operation is numerically unstable due to noise etc., the
approach is to fit a curve (Dinlet ∗ hmodel)(t) to the measured outlet curve Doutlet(t). It
is especially useful in combination with manual contrast injections, which are normally
slower and less constant than automated power injections. Eigler et al. [1989] showed that
after deconvolution, a deliberate double-peaked bolus injection did not affect the accuracy
of the flow measurements.

Despite some model uncertainties (e.g. whether or not a physical system can be mod-
elled by one of the models of Section 3.6), curve fitting is very useful as a curve inter-
and extrapolation tool. However, extreme care should be taken in interpreting the results,
especially in pathological cases [Klocke 1976, 1983]. To illustrate the risks, consider
a heterogeneously perfused myocardium, consisting of a well perfused area (with im-
pulse response function hfast(t)), and an ischemic area (with impulse response function
hslow(t)), sharing a single coronary artery and vein. The total flow F through this artery
(and vein) is divided into a small fraction Fslow for the ischemic area, and the rest for the
well perfused area. The impulse response function of this system is given by:

h(t) =
Fslow

F
hslow(t)+

Ffast

F
hfast(t) (5.24)

Since Fslow will be relatively small, the contribution of the ischemic perfusion area (with
a prolonged contrast washout) to the overall outlet time-density curve is small, and may
be overlooked. Also, as hslow(t) has its maximum value much later than hfast(t), it is
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easily mistaken as being a recirculation artifact of the ‘normal’ time-density curve (h(t)≈
hfast(t)).

Even more problems arise if the model that results from the curve fitting is used to
draw conclusions related to the internal behavior or organization of the physical system.
By closely examining the shape of the time-density curves, it is sometimes possible to
separate different contributions to the curves. This was done by Wang et al. [1989] to
eliminate the contribution of epicardial venous opacification to the time-density curve.
However, in general, the contributions of other factors, like pulsatile flow and extravas-
cular contrast accumulation, are very hard to separate (see Section 5.5.1). Referring to
Figure 5.4, it can be seen that each cardiac gated (mid-diastole) sample coincides with a
local minimum of the time-density curve (secondary to the periodic fluctuations in coro-
nary blood flow, see also Section 5.1.2). As a result, the sparse samples that are used
in the fitting process are consistently lower than the mean contrast densities over each
cardiac cycle. Consequently, there is no guarantee that the model that fits the observed
time-density curve best is an accurate representation of the physical system itself.

5.6 Summary and discussion

The comparison of the methods discussed in this chapter is difficult, mainly because there
are many factors that should be taken into consideration in interpreting the results of
validation studies. For example, the contrast injection (e.g. manual injection or power
injection, ionic or non-ionic contrast material, the amount, the injection rate, the timing
within the cardiac cycle, etc.) can have a considerable effect on the results. Other factors
include the method of selecting patients or subjects (cardiac patients or healthy subjects,
prior infarctions, hypertension, hypertrophy, collateral circulation, small vessel disease,
etc.), the range of coronary blood flows, the method of inducing hyperemia, cardiac gat-
ing, anesthesia, anticoagulation medication, and the method that was used to measure the
‘true’ flow (which is not always too accurate, as noted by [Ritman 1990]). As a result,
comparative validation studies do not always concur [Nissen et al. 1986; Simon et al.
1990; Whiting et al. 1986]. We therefore focussed on some typical results of compara-
tive validation studies, and refrain from drawing conclusions regarding the ‘best’ (i.e. the
most accurate) method.

However, based on those comparative studies, combined with the technical consider-
ations of this chapter, we can still draw some important conclusions. Judging from the
corresponding validation studies, each of the four main types of coronary flow measure-
ments perform reasonably (transit time methods, the washout method, the indicator dilu-
tion method, and the mass-balance method). However, the washout method is inherently
inaccurate in clinical applications due to the contrast induced hyperemic response, and
so is the indicator dilution method (next to requiring a lengthy measurement). The mass
balance method is impeded by some practical problems concerning the determination of
the inlet contrast material concentration.

The transit time methods are therefore most practical, which explains their popularity.
Of all the alternative timing parameters in Table 5.1, the mean transit time (MTT) per-
forms best under research conditions [Haude et al. 2000; Pijls et al. 1990a; van der Werf
et al. 1988]. However, due to the problems with a lengthy measurement and the influence
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of recirculation and contrast induced hyperemic responses, one of the alternative timing
parameters is better in a clinical setting. Care should be taken to select the proper method
of assessing the volume of the system V , and to select the most suitable reference time
tref, depending on the objective. To measure arterial blood flow using a myocardial ROI,
it is recommended to use an arrival time methods with a low value of γ (Table 5.1). The
volume of the system (i.e. V = Vepi) is relatively independent of physiological state, and
can therefore be assumed constant in flow reserve measurements. Similarly, to measure
myocardial perfusion with the same ROI, it is best to use the first appearance time as the
reference time (tref = tfa), combined with, for example, the mean transit time after curve
thresholding (Equation 5.13). The volume V can then be estimated by the peak value of
the time-density curve, Dmax. Although Dmax proves to be inaccurate in assessing the
(vascular) volume of a perfusion bed, it is still better than assuming a constant volume
(in basal and hyperemic states); in general Dmax/∆t (with ∆t some timing parameter) per-
forms better than 1/∆t in flow reserve measurements. To circumvent the determination of
volumes altogether, the relative flow reserve method can be used.

The use of cardiac gating (to prevent motion artifacts) and curve fitting (to improve the
temporal resolution and decrease curve noise) can lead to gross inaccuracies, especially
in pathological cases. If the model does not incorporates the possibility of perfusion het-
erogeneities, subtle indications in the time-density curve will be filtered out by the curve
fitting process, such that low perfusion areas remain undetected. There is another problem
associated with cardiac gating in flow reserve measurements, due to unavoidable patient
movements between the basal and hyperemic measurements. To determine the flow re-
serve, the densitometric sampling site should represent the same anatomical site in both
image sequences. It is therefore recommended to use image registration techniques in or-
der to ensure sampling of the same anatomical site, independent of cardiac, respiratory, or
patient motions. The next two chapters (Chapters 6 and 7) develop an automated motion
correction (registration) algorithm, designed specifically for that purpose.



Chapter 6
SEGMENTATION OF THE

CORONARY TREE

(This chapter is based on Schrijver and Slump [2003])

From the previous chapters, it can be concluded that motion is one of the biggest
problems in densitometric coronary flow measurements. In order to compensate for such
motions, a new algorithm will be developed in this, and the next chapter (Chapter 7). This
new algorithm will use the epicardial coronary arteries as natural landmarks in register-
ing the images of an angiographic image sequence. This chapter will therefore develop
an automated segmentation algorithm that finds the locations of the coronary arteries in
an angiogram. The results of this segmentation algorithm will subsequently be used in
Chapter 7 for the image registration.

Most of the algorithms and procedures for the segmentation of coronary arteries are
being developed in order to construct a three-dimensional model of the coronary tree
from biplane acquisitions. The resulting model is subsequently used for the selection of
an optimal view [Dumay 1992; Sato et al. 1998a; Wollschläger et al. 1988], or for the
reconstruction of the pullback path of an intravascular ultrasound (IVUS) catheter [Hoff-
mann et al. 1999; Reiber 1999]. In the former application (optical view selection) speed
is of primal importance since the model has to be built intraoperatively. The latter appli-
cation, fusion with IVUS data, requires a minimal amount of user interaction since the
arteries have to be segmented in many subsequent images to reconstruct the catheter’s
motion. That allows the generation of a geometrically correct 3D reconstruction of the
vessel wall, which can for example be used in assessing the progression and severity of
atherosclerosis. But whatever the exact application, the techniques used to construct the
models are essentially the same, and it is not too difficult to appreciate the importance of
accurate and fast segmentation of the coronary arteries. The issue now is to what extent
these known techniques are useful in measuring coronary blood flow, the topic of this
paper. To gain some insights in this issue, we will investigate the specific requirements
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brought about by the application at hand. It turns out that the application of blood flow
measurements requires special features of the (automated) segmentation techniques, ren-
dering known segmentation procedures for the reconstruction of 3D arterial trees only
partially useful.

Despite all these efforts, only few of such systems are being used in clinical practice
on a routine basis. For example, visual inspection of coronary angiograms is still the
current standard to assess the severity of coronary stenoses, even though it is known to
be prone to errors (see Topol and Nissen [1995] for an overview). Factors that contribute
to this discrepancy are the limited applicability of some systems to certain groups of
patients, a low accuracy and/or sensitivity, a cumbersome and tedious (clinical) procedure,
or inexperience on the part of the operator. While some of these problems are fundamental
to the method(s) used, others can be resolved by appropriate automation of certain tasks.
An important example of a task that is eligible for automation is the segmentation of
the artery to be analyzed. A review of available literature on the analysis of coronary
angiograms reveals that this segmentation process predominates the total amount of user
interactions required to operate the overall system.

The simplest angiographic analysis systems restrict their analyses to a small segment
of the coronary artery tree. In those cases, user interaction is limited to the specification
of a small region of interest (ROI) [Brown et al. 1977; Büchi et al. 1990; Hulzebosch
et al. 1990; Wankling et al. 1990] and/or the delineation of the centerline of the vessel
segment [Brown et al. 1977; Büchi et al. 1990; Cothren et al. 2000; Fleagle et al. 1989;
Hulzebosch et al. 1990; Wankling et al. 1990]. This delineation process is easily auto-
mated by employing an algorithm that automatically traces the artery between manually
identified starting and ending points [Frangi et al. 1999; Noordmans and Smeulders 1998;
van der Zwet et al. 1990].

More elaborate angiographic analysis systems apply their analysis to the complete
arterial tree. Hence, they require the user to (manually) identify the courses of all major
branches [Klein et al. 1998; Parker et al. 1987; Wahle et al. 1995; Young et al. 1992].
Obviously, the time required to perform such tedious operations (and the inter- and intra-
observer variabilities thus induced) quickly renders such systems inapplicable to routine
clinical practice. For example, Klein et al. [1998] report a time of 29± 8 minutes for a
single biplane pair (including establishment of stereo correspondence).

There are also analysis methods that follow the motions of the coronary arteries in
time [Parker et al. 1987; Schrijver and Slump 2001; Young et al. 1992]. Using the in-
formation obtained by such analysis, it is possible to estimate the stress and strain in the
epicardial wall based on a dynamic and flexible model [Young et al. 1992]. Given this
model, the densitometric measurement of coronary blood flow and myocardial perfusion
can be improved by automatically repositioning the region of interest during the cardiac
cycle [Schrijver and Slump 2001; Smith et al. 1971]. Since these methods require seg-
mentation of a complete sequence of images, the necessity of automated segmentation is
even more paramount.

In the past, some (semi-)automatic artery segmentation methods have been presented
that have the potential to reduce the amount of user interactions [Allelein et al. 1997;
Chaudhuri et al. 1989; Hoffmann et al. 1986; Kitamura et al. 1988; Nguyen and Sklansky
1986; Noordmans and Smeulders 1998; Steger 1998; Sun 1989; van der Zwet et al. 1990].
These methods can be roughly divided into two groups. The first group of methods iden-
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tify the pixels that are likely to belong to a vessel, in a process called scanning. A different
interpretation of this scanning process is that the vessels are enhanced by a specialized fil-
ter, after which simple thresholding yields the vessel pixels [Barth et al. 1988; Chaudhuri
et al. 1989; Frangi et al. 1999]. However, the results of such an approach are only suffi-
cient in a limited number of applications, since it will generally contain a large number
of unconnected vessel segments instead of a single connected vessel tree. To prevent the
appearance of spurious components and discontinuous vessel segments in the segmenta-
tion result, methods have been developed to string vessel points together, so as to form
complete vessel branches or vessel trees [Chaudhuri et al. 1989; Nguyen and Sklansky
1986; Steger 1998]. However, those methods are unable to suppress line-like background
structures entirely because their mutual connectivity or non-connectivity is not taken into
account. Similar problems are encountered with region growing based methods [Allelein
et al. 1997]. The resulting segments will then have to be merged into a topologically
correct tree during a (heuristic) post-processing step, which introduces additional errors
and instabilities [Dumay 1992; Garreau et al. 1991; Nguyen and Sklansky 1986; Smets
et al. 1990]. The second group of methods tries to track the artery based on one or more
(manually selected) seed points, thereby ensuring that the final result contains a specified
number of connected components. Some of these methods reach sub-pixel accuracy by
fitting a (densitometric) profile model to the gray scale data of the image [Kitamura et al.
1988; Noordmans and Smeulders 1998]. However, their accuracy is achieved at the ex-
pense of speed due to the use of numerical algorithms for the adaptation of large numbers
of model parameters. Therefore, faster (but less accurate) methods have been developed
that enable delineation of complete vessel trees within a reasonable amount of time [Du-
may 1992; Hoffmann et al. 1986; Sun 1989; van der Zwet et al. 1990]. Such methods find
a number of essential points along the path of a vessel, approximating the true path line.
By increasing the distance between such points, the speed can be increased at the expense
of accuracy. Unfortunately, these methods generally result in only one branch per seed
point [Kitamura et al. 1988; Noordmans and Smeulders 1998; Sun 1989; van der Zwet
et al. 1990] (exceptions are Dumay [1992]; Hoffmann et al. [1986]). Hence, the user will
have to indicate seed points for all major branches of the arterial tree individually, which
is a major drawback (especially in the analysis of sequences of images).

Surprisingly, all known tracking methods track arteries based on basic gray-scale in-
formation. We, however, propose to trace the vessel in a feature image that results from a
scanning algorithm (see Fig. 6.1). We start by scanning the image for pixels that are likely
to represent arteries. However, instead of assigning a boolean predicate to each pixel as a
traditional scanning approach would do (that is, whether or not it is an vessel), we attach
a continuous vessel resemblance value to each pixel. The decision whether or not a pixel
belongs to a vessel is postponed to the artery tracing phase, thereby eliminating com-
mon problems with unconnected components and discontinuities in the vessel segments.
The artery tracing algorithm yields a complete arterial tree, based on a single seed point.
And since this seed point is also identified automatically, user interaction is not required.
Of course, the operator will be given the opportunity to edit the segmentation results by
adding complete subtrees based on new seed points, and by deleting erroneous traces.

We first describe the two-dimensional version of a vessel enhancement filter, based
on the work of Baert et al. [2000]; Frangi et al. [1999] (Section 6.1). This filter will be
used as a vessel detector that scans the image for vessel pixels. Based on the output of
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Figure 6.1: Schematic overview of the segmentation process.

this detector, a circumferential profile function will be defined in Section 6.2. This new
function is the foundation of the actual artery tracing algorithm, as detailed in Section 6.3.
Results of experiments with numerous clinical angiograms are presented in Section 8.1,
where the specific properties of the method and its ramifications are also discussed.

6.1 Scanning the image for vessel points

A common problem in analyzing coronary angiograms is the relatively poor image quality
secondary to compromising effects such as non-zero focal spot size, scatter, veiling glare,
and noise [Johns and Cunningham 1983]. The images have limited contrast resolution
(less than 8 bits) and low contrast due to the low radiation dose that is intended to keep
X-ray exposure to a minimum when acquiring literally hundreds of images of a patient.
Also, background structures can have an intensity distribution that is comparable to that
of the arterial branches. As a result, straightforward artery tracing by looking for paths
with minimal gray values will not yield satisfactory results.

To circumvent problems with nonuniform background structures and noise, several
approaches have been proposed to enhance (or detect) the arteries. These include un-sharp
masking, Canny or Marr-Hildreth operators, or other linear or non-linear filters [Baert
et al. 2000; Frangi et al. 1999; Sato et al. 1998b; van der Heijden 1994; Wu et al. 1997].
Of those methods, we chose to use a multi-scale filter that is based on the eigenvalues
of Hessian matrices, because of its favorable mathematical properties [Baert et al. 2000;
Frangi et al. 1999]. The output image contains pixel values representing the resemblance
of a small image patch surrounding each pixel to a vessel.
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6.1.1 The single-scale vessel resemblance function

The scanning step consists of a vessel detector that assigns vessel resemblance values to
each pixel of the input image. In order to arrive at a function that calculates these local
vessel resemblance values, consider the input image G(u,v) as a three-dimensional curved
surface defined by the set of 3D coordinates:

{(u,v,z)|z = G(u,v)} (6.1)

with u and v extending over the support of G(u,v). The curvature of this surface in a grid
point x = (u,v) is described by the Hessian matrix H(x):

H(x) =
[

Guu(x) Guv(x)
Gvu(x) Gvv(x)

]
(6.2)

In this equation, Guu(x), Guv(x) = Gvu(x), and Gvv(x) are the second-order spatial deriva-
tives of the image G(x), calculated by convolution with (scaled) second order spatial
derivatives of a Gaussian interpolation filter (hab(x;σ)), at a given scale σ:

Gab(x;σ) = σ2hab(x;σ)∗G(x) (6.3)

with a and b denoting either u or v [Frangi et al. 1999; Sato et al. 1998b; van der Heijden
1994].

Eigenvalues of Hessian matrices

The eigenvalues and eigenvectors of a Hessian matrix (at a given scale σ) capture its most
relevant characteristics. That is, the strongest eigenvalue and the corresponding eigenvec-
tor indicate the strength and direction of the strongest curvature of the 3D surface, and the
eigenvector corresponding to the weaker eigenvalue is perpendicular to this direction of
strongest curvature. In the sequel, it is assumed that the eigenvalues (and the eigenvectors)
are ordered according to:

|λ1| ≥ |λ2| (6.4)

Note that the eigenvalues and eigenvectors are in fact functions of the position and the
scale, i.e. λi(x;σ) and vi(x;σ). For brevity, however, we write λi and vi.

Returning to images of arteries, it can be concluded that v1 will be perpendicular
to the local vessel direction in point x, assuming that x is part of a vessel, because the
strongest curvature is perpendicular to the vessel. Consequently, the second eigenvector
is parallel to the vessel axis, simply because the eigenvectors are orthogonal. Since vessels
are assumed to be elongated structures (except for locations with high vessel curvatures
or in branching points), the weaker eigenvalue λ2 should be small (little curvature of the
surface of Equation 6.1 in that direction). Furthermore, since in digital angiocardiography
an artery is a dark region against a brighter background, the main curvature of the surface
in a vessel point is positive (the first derivative increases), resulting in a positive value for
the first eigenvalue. These vessel point characteristics can be summarized as:

Vessel point x: λ1 > 0 and λ2 ≈ 0 (6.5)
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It is, however, not unlikely that in certain points the criteria as stated in Equation 6.5
are fulfilled only due to noise or other confounding artifacts, and not because that point
actually represents a vessel. The way to deal with such situations is, firstly, to carefully
select the range of scales σ of the interpolation filters (Equation 6.3); this will be elabo-
rated upon in Section 6.1.2. Secondly, the values observed in the Hessian matrix should
be sufficiently strong, which readily translates into the requirement that the eigenvalues
should have large magnitudes.

The vessel resemblance function

Based on these considerations, a single-scale vessel resemblance function, V (x;σ), is
defined as [Frangi et al. 1999]:

V (x;σ) =

0 if λ1 < 0,

exp
(
− R2

B
2β2

1

)[
1− exp

(
− S2

2β2
2

)]
otherwise

(6.6)

in which RB is a measure of the criterion |λ1|  |λ2|:

RB =
|λ2|
|λ1| (6.7)

while S is a measure of the strength of the overall curvature:

S =
√

λ2
1 +λ2

2 (6.8)

The filter function of Equation 6.6 is the two-dimensional version of the three-dimensional
filter developed by Frangi et al. [1999]. Due to its particular structure, the outcome V (x;σ)
is restricted to the interval [0,1], with 0 (zero) representing no resemblance to a vessel,
and 1 (one) maximum resemblance to a vessel, at scale σ. The parameters β1 > 0 and
β2 > 0 are scaling factors influencing the sensitivity to RB and S respectively.

Selection of parameter values

The performance of the vessel resemblance function of Equation 6.6 is optimized by
tuning the parameters β1 and β2 to the image characteristics. The parameter β1 should be
small in order to distinguish between line-like and blob-like structures. If bifurcations or
very tortuous vessels are not enhanced properly, increasing β1 resolves that at the expense
of also enhancing non-vessel background structures. The value of the other parameter,
β2, is also dictated by the strength of the noise and the presence of background structures
in the image. It should be large in order to prevent enhancement of spurious low-contrast
structures. In images of good quality and with few background structures, β2 can be
decreased so as to enhance all vessels, even those exhibiting low contrast. Thus, whereas
a small β1 increases the influence of RB, a small β2 decreases the influence of S.

Referring to Equation 6.6, it can be seen that β1 should be in the order of 1 (on average,
|λ1| and |λ2| have similar values), while β2 should be in the order of 10 (matching normal
values of S). These conclusions are supported by Fig. 6.2, which presents a few examples
of different value combinations for β1 and β2.
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β1 = 0.25 and β2 = 2.0 β1 = 0.5 and β2 = 2.0 β1 = 1.0 and β2 = 2.0

β1 = 0.25 and β2 = 8.0 β1 = 0.5 and β2 = 8.0 β1 = 1.0 and β2 = 8.0

Figure 6.2: Effects of various values of β1 and β2 on the outcome of the single-scale filter
(σ = 4.0).

6.1.2 The multiscale vessel resemblance function

One of the side effects of using (derivatives of) Gaussian filters to calculate the second
spatial derivatives of G(u,v) is that the Hessian matrix H(x) is replaced by a collection
of matrices, H(x;σ) as a function of the scale σ (see Equation 6.3). Hence, the vessel
resemblance function (Equation 6.6) represents only the resemblance to a vessel at that
specific scale. Since the arteries we are interested in will exhibit a certain range of widths,
it is desirable to calculate V (x;σ) at various scales and to combine the results into a single
measure of resemblance to a vessel. Since we chose to normalize the filter outcome in
Equation 6.3 by multiplying with σ2, the responses at various scales can be integrated into
one vessel resemblance function according to [Frangi et al. 1999; Sato et al. 1998b]:

V (xi) = max
σ

V (xi;σ) (6.9)

independently for every point xi. Consequently, the scale σopt that yields the maximum
resemblance becomes a function of x as well:

σopt(xi) = argmax
σ

V (xi;σ) (6.10)
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Selecting the range of scales

The lower and upper bounds of σ to be incorporated in taking the maximum in Equa-
tions 6.9 and 6.10 are essentially determined by the widths of the arteries of interest. Sato
et al. [1998b] show that a lower bound of one (σlow = 1) is a good choice. Smaller scales
are not to be preferred since the Gaussian filters ( 6.3) will no longer interpolate between
pixels, giving rise to all sorts of confounding effects [Sato et al. 1998b]. Furthermore, for
the application at hand, we are not interested in arteries that small. The upper bound, σup,
is a tradeoff between enhancement of the largest vessels and suppression of large back-
ground structures such as the ribcage or diaphragm. Its optimal value will depend on the
image characteristics and will have to be determined empirically. In practice, it suffices
to determine this parameter once for all images acquired of the same patient under similar
conditions (same equipment, same settings, etc.).

The discrete scales case

In a theoretical setting it is possible to calculate V (x;σ) for every σ ∈ [σlow,σup]. In
practice, however, the analysis has to be restricted to a set of discrete scales σi according
to [Sato et al. 1998b]:

σi = σlowsi (i = 0,1,2, . . . ,n−1) (6.11)

with s > 1 a scaling parameter and n the number of scales, such that:

σlowsn−2 < σup ≤ σlowsn−1 (6.12)

The parameter s determines the accuracy of the discrete scales approximation of Equa-
tion 6.9, but also the time required to perform the filter operation. Sato et al. [1998b]
show that, for the multiscale filter that they use, s = 1.5 results in a deviation of about
4% compared to the continuous case in terms of the maximum filter responses. A value
of s = 2.0 results in an error of about 10%. Although they use a slightly different type of
multiscale filter, we believe that their filter and ours behave similarly in that respect. In
our case, where the global shape of V (x) is of main concern and not its exact values, we
get good results with s = 2.0.

6.1.3 Estimating vessel directions

The directions of the vessel segments are given by the eigenvectors found during the
eigenvalue analysis of Section 6.1.1. It may be recalled that the filter function of Equa-
tion 6.9 selects a specific scale σ = σopt(x) according to Equation 6.10. Since the vessel
segment in a point x is represented best at this specific scale (compared to other scales),
it can be deduced that the second eigenvector of the Hessian matrix at this scale σopt(xi)
contains the most accurate estimate of the direction of the vessel (Section 6.1.1). The
angles of these eigenvectors define the vessel direction field:

Φ(x) = ∠
[
v2(x;σopt(x))

]± kπ (6.13)

where the term ±kπ (with k ∈ Z) reflects the periodicity of the direction field.
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An example of a direction field is given in Fig. 6.3. Obviously, the reliability of the
direction estimation based on the second eigenvector is related to the value of V (x) in that
point. That is because, if the image patch around some point x does not resemble a vessel,
i.e. V (x)≈ 0, the second eigenvector as used in Equation 6.13 may point in any direction.
Therefore, the arrows indicating the direction field in Fig. 6.3 have been scaled by V (x)
to show the relative reliability of the estimates.

Figure 6.3: The direction field Φ(x).

6.2 The circumferential profile function

The multiscale vessel resemblance function defined above provides information on the
resemblance to a vessel of an image patch around every point x. However, in most cases
we are not merely interested in any point x but in those points that are within the vicinity of
another (known) point, say point s. For convenience, we define a circumferential profile
function Pr(θ;s), that resamples the vessel resemblance function around a point s with
radius r (using nearest neighbor interpolation):

Pr(θ;s) = V (s+ re(θ)) (6.14)

The vector e(θ) = [cosθ sinθ]T is a unit vector with direction θ. This profile function
is a mathematical description of a circular scan neighborhood, similar to the (square)
scan neighborhoods adopted by many other researchers [Dumay 1992; Hoffmann et al.
1986; van der Zwet et al. 1990]. This mathematical description will prove useful in the
artery tracing algorithm explained in Section 6.3. Firstly, however, we will show that
the function as given by Equation 6.14 involves certain drawbacks, necessitating a new,
modified definition.
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6.2.1 Application of the profile function
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Figure 6.4: Definition of the circumferential profile function. The small arrows denote
the direction field Φ(x). The large circle is the scan circle s + re(θ) for θ ∈ [−π,π), as
defined by the profile function (Equation 6.14).

To show the application of the profile function (Equation 6.14), assume that point s
is a vessel point, as illustrated in Fig. 6.4. The objective is then to find another vessel
point q at some distance r from point s, where r is small compared to the tortuosity of the
vessel. Three different situations can be distinguished (points qa, qb, and qc in Fig. 6.4,
respectively):

• Non-vessel points. Large parts of the scan circle will not coincide with a vessel
(such as point qa), resulting in a low value of V (x) and an unreliable direction field
Φ(x) in such points as q.

• Correct vessel points. When a vessel is found, recognized by a high value of V (x),
the direction field is very structured and points in the direction of the vessel (modulo
π). Furthermore, it can be seen in point qb that the direction field is parallel to the
direction of the vessel segment between points s and qb.

• Points belonging to a neighboring vessel. Whereas the value of V (q) in point qc is
also high, the local direction field indicates that it is very unlikely that qc actually
lies on the same vessel as s. That is because the direction field in qc is perpendicu-
larly to the direction of the alleged vessel segment between points s and qc, which
is very unlikely (assuming r to be small compared to the tortuosity of the vessel).

Obviously, recognition of points that belong to neighboring vessels is crucial in tracing
the artery tree in order to prevent the algorithm from skipping from one vessel to another.

6.2.2 The modified profile function

In order to suppress the contributions of points belonging to neighboring vessels, we
modify the definition of the profile function (Equation 6.14). Fig. 6.4 illustrates that the
correct vessel points are characterized by a small difference between the angle θ and the
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estimated vessel direction Φ(x), denoted by |∆ϕ|:

|∆ϕ| = min
k∈Z

|θ−Φ(x)+ kπ| (6.15)

Knowing the particular exponential structure of the function V (x) in Equations 6.6
and 6.9, it is natural to also express the influence of |∆ϕ| on the circumferential profile as
a negative exponential, or:

Pr(θ;s) = V (s+ re(θ)) · exp

(
−|∆ϕ|2

2β2
3

)
(6.16)

with β3 an appropriate scaling factor. This modified circumferential profile function em-
bodies the requirement that, going from point s to point q = s + re(θ), the vessel is ex-
pected to have a direction equal to θ, as was observed before. Other vessels, whose
directions indicate that they are unlikely to pass through point s, are suppressed. A priori
knowledge (i.e. that the vessel we are interested in passes through point s) is thus applied
to select that vessel only. Its effect will be demonstrated below, in Section 6.3.2.

The value of β3 is a trade-off between proper suppression of neighboring vessels and
insensitivity to direction deviations resulting from errors in the estimated vessel direction
Φ(x) or from tortuous vessels causing the vessel direction in point q = s+re(θ) to deviate
from θ. Since the absolute angle difference |∆ϕ| is a number between 0 (zero) and π/2 ≈
1.57, the order of magnitude of the scaling factor β3 in Equation 6.16 is approximately
1 (one). If the radius of the scan circle, r, is relatively small (compared to the vessel
curvature), we can increase the influence of the vessel direction by selecting a smaller
value of β3.

6.2.3 Summary

So far, we have defined all the concepts we need in the iterative artery tracing algorithm
that is presented in Section 6.3 below. In particular, we have the following set of functions
on the input image G(x):

• the direction field (Equation 6.13), Φ(x), which provides the estimated vessel di-
rection in every point x,

• the vessel resemblance function (Equation 6.9), V (x), which is proportional to the
reliability of the direction field Φ(x) in every point x, and

• the modified circumferential profile function (Equation 6.16), Pr(θ;s), which mea-
sures the likelihood that a point q = s + re(θ) belongs to the same vessel as point
s.

From this point onward, our concern is to find the coronary artery tree using a specialized
seed point and trace algorithm, strictly based on these three functions.

6.3 The artery tracing algorithm

The artery tracing part of the overall algorithm is very similar to the method developed
by Hoffmann et al. [1986]. However, their algorithm relied completely on the gray scale
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value in each pixel, while we use additional image and vessel features based on the sur-
roundings of each pixel. Another difference is that we use a circular search area instead
of a square one, which provides a uniform lookahead distance in all directions and a more
concise mathematical description. Furthermore, we employ an enhanced algorithm to find
maxima along the perimeter of this search area. As a result, we are able to assign confi-
dence values to all local maxima found, enabling the processing of new seed points in an
intuitive order (Section 6.3.4). The search algorithm also provides estimates of the ves-
sel diameters, thereby eliminating the need for additional processing to adapt parameter
settings to local vessel characteristics [Hoffmann et al. 1986].

The tracing algorithm can be divided into a number of basic steps (see Fig. 6.5 for a
schematic overview):

1. Determination of an appropriate initial seed point for the artery tracing algorithm
(Section 6.3.1),

2. Finding candidate search directions, and collecting them in a list with candidates
(Section 6.3.2). Although this step is introduced as a method to find the initial
search directions, it will be reused to find new seed points and search directions,
based on given vessel points.

3. Using the resulting candidates list, an iterative process is started that traces all con-
nected branches of the tree (the main loop on the right in Fig. 6.5, and Sections 6.3.3
through 6.3.4). The loop consists of:

(a) Sorting the list with search candidates based on their confidence values and
taking the top entry.

(b) Using the position and the direction stored in that entry to trace one artery
branch (the smaller loop on the left in Fig. 6.5, and Section 6.3.3),

(c) Scanning the neighborhood of the trace just found for potential branch points.
If found, we add them to the list with candidate seed positions and search
directions (Section 6.3.4).

The following sections explain these steps in further detail.

6.3.1 Locating an initial seed point

Where other algorithms rely on the user to select an initial seed point manually [Hoffmann
et al. 1986; Kitamura et al. 1988; Sun 1989], we chose to implement a fully automatic
seed point selection algorithm. The main requirement for this algorithm is that the point
selected is located on one of the main arteries visible in the image. This requirement
cannot be satisfied by simply selecting the location of the maximum value in V (x), since
there may be maxima in the image V (x) that do not represent an artery. We therefore
restrict the search for a maximum value to those points that belong to the largest ‘object’
in the center portion of the image V (x).

In order to find this largest object, the image V (x) is thresholded using a high threshold
(V (x) > 0.9), after which the largest connected component is selected. This operation is
restricted to the center portion of the image because large connected components are
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Figure 6.5: Schematic overview of the artery tracing process.
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likely to occur due to the border effects of the preceding filtering steps. If the component
found contains less than a given number of pixels (in our case, 2,000 pixels, working with
images of 512× 512 pixels), the threshold is lowered, and the thresholding is repeated.
Finally, the seed point is selected, being the position of the maximum value within this
largest component.

Unfortunately, this method does not always provide a valid seed point, as illustrated
in Fig. 6.6. The main causes for this type of errors are arteries that are located too close
to the borders of the image, artificial objects (e.g. a balloon catheter or metallic stitches),
and very pronounced distal branches of the arterial tree. In such cases, the user will have
to select a seed point manually.

Figure 6.6: Examples of images in which the initial seed point algorithm is unable to
correctly select one of the main vessels.

6.3.2 Finding search directions

Once an initial seed point s0 has been found, the next step is to find the direction (or direc-
tions) of the corresponding vessel. In a direct approach, the direction field in point s0 may
be used as an estimate. However, it is possible that s0 coincides with a bifurcation point,
in which case the second eigenvector is both insufficient and unreliable. To circumvent
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Figure 6.7: Circumferential profiles Pr(θ;s) around three vessel points with r = 20 pixels.
The top-left image shows the original image with the locations of the points s and their
scan circles. The three plots show the corresponding responses of the circumferential
profile function (Equation 6.16), in polar coordinates. The dotted lines are with β3 → ∞
and the solid line with β3 = 0.5. The large arrows indicate the directions found by the
selection algorithm (section 6.3.2), with lengths proportional to the likelihoods that they
correspond to actual vessel directions.

these problems, a more elaborate algorithm has been developed that uses the modified cir-
cumferential profile function Pr(θ;s) as defined in Section 6.2.2. Given a specific center
point s, this profile function is a function of the angle θ only; its response is illustrated in
Fig. 6.7.

Comparing the solid lines (obtained with the modified profile function of Equa-
tion 6.16) and the dotted lines (obtained with the unmodified profile function of Equa-
tion 6.14) in Fig. 6.7(b), the positive influence of the modification as proposed in Sec-
tion 6.2.2 is clear. Without this modification, a large radius of the scan circle would result
in the inclusion of adjacent vessel points, preventing a reliable detection of main vessel
directions.
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Selecting main vessel directions

Using the circumferential profile function, the problem of finding the directions of the
vessel or its branches around a vessel point s is reduced to extracting the main lobes from
the polar plots as presented in Fig. 6.7. Although care must be taken with the periodicity
of Pr(θ;s) as a function of θ, finding the main directions is fairly straightforward:

1. Copy the values of Pr(θ;s) for θ∈ [−π,π) into a circular buffer.

2. Find the angle θ0 that corresponds to the maximum value in the circular buffer. This
angle is the direction of the vessel (or one of its branches), and the value of Pr(θ0;s)
represents the degree of confidence in stating that conclusion (the confidence value).

3. Find the nearest local minima θ−1 and θ+1 surrounding θ0 (with θ−1 < θ0 < θ+1),
with values below a fraction γ of the maximum value (Pr(θ0;s)):

Pr(θ±1;s) < γPr(θ0;s) (6.17)

with 0 < γ< 1.

4. Estimate the width of the vessel as the distance between the circle points indicated
by the angles θ−1 and θ+1, i.e. between the points q1 = s + re(θ−1) and q2 =
s+ re(θ+1):

d = 2r sin

(
θ+1 −θ−1

2

)
(6.18)

5. Set the values in the circular buffer between θ−1 and θ+1 to zero.

6. Proceed with step 2 until the circular buffer contains only zeros.

The result of the above procedure is a list with angles {θ0}, their confidence values
{Pr(θ0;s)}, and the estimated vessel widths {d}. The large arrows in Fig. 6.7 show the di-
rections obtained this way, for three different points s (directions with a confidence value
below 0.1 are omitted).

Initialization of the candidate list

Now return to the specific case where s is the initial seed point s0 as found by the proce-
dure described in Section 6.3.1. The vessel directions found for s0 are used to initialize
the so-called candidate list, containing elements that describe possible vessel start points,
search directions, and estimated vessel widths. For example, if the algorithm finds two
vessel directions for the initial seed point s0, denoted by the angles ϕa and ϕb, the candi-
date list will be initialized with the following two elements (each element being a 4-tuple):

1 :
{

s0 ; ϕa ; Pr(ϕa;s0) ; da
}

2 :
{

s0 ; ϕb ; Pr(ϕb;s0) ; db
}

This candidate list plays a pivotal role in tracing the various branches of the arterial
tree, by keeping track of all potential new seed points, sorted by their confidence values.
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During the delineation of the arterial tree, possible new seed points along the branches are
identified and added to the candidate list. This way, the algorithm will proceed with the
most likely seed point known at that point in time.

After sorting the elements in the candidate list based on their confidence values
(Pr(ϕ;s)), the first element of the list will contain the start point, search direction and
estimated vessel width that is most likely to represent a valid artery (of all candidates in
the list). Denote this ‘best’ candidate by the triple {s1;ϕ1;d1}. This information provides
the input to an algorithm that traces a single branch of the vessel tree.

6.3.3 Tracing one artery branch

Traditional artery tracing approaches use a weighted cost function (measuring distances,
angles, curvature, probabilities, etc.) that is minimized in order to find successive points
along the vessel (see for example Nguyen and Sklansky [1986]). However, the direction
of the previous trace segment and the direction field are only an indication as to where the
next point might be, rather than an identification of its exact location. It therefore makes
sense to segregate such indicative information from the precise information provided by
the circumferential profile function. This translates into an approach in which the ex-
pected vessel direction and curvature are only used to resolve ambiguities with multiple
maxima in the circumferential profile function.

Step one: rough direction estimation

Let {s1,s2, . . . ,sk} denote the points belonging to the current trace, and ϕk = ∠(sk − sk−1)
the direction of the last trace segment. Since both the previous direction ϕk and the local
direction field Φ(sk) provide information on the probable new direction ϕk+1, we seek to
combine these two values. Knowing that the reliability of the direction field Φ(x) depends
on the value of V (x), we write:

ϕ̂k+1 = (1−αV (sk))ϕk +αV (sk)Φ(sk) (6.19)

resulting in a rough estimation of the new direction. The value of the weight factor α,
0 ≤ α ≤ 1, is not very critical since ϕk and Φ(sk) will have similar values in almost all
cases, and the outcome ϕ̂k+1 will only be used to select one of the local maxima of the
profile function.

Step two: finding next vessel point

The second step towards finding sk+1 is to scan the neighborhood of the point sk, in a
similar fashion as described in Section 6.3.2. The radius of the scan circle is adapted to
the estimated width of the vessel, according to:

r = ρ ·d1 (6.20)

with ρ > 0 a constant factor. Using the expected direction ϕ̂k+1 that was previously de-
termined, the most likely new direction ϕk+1 is:

ϕk+1 = argmax
θ∈Θ

[
Pr(θ;sk) · cos(θ− ϕ̂k+1)

]
(6.21)
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with Θ = [ϕ̂k+1 −π/2, ϕ̂k+1 + π/2). The scan extends over half a circle to prevent the
algorithm from turning around and tracing back the segment already found. The profile
function Pr(θ;sk) is multiplied by a factor cos(θ− ϕ̂k+1) to ensure selection of the local
maxima closest to ϕ̂k+1. Angles that are parallel to the estimated vessel direction ϕ̂k+1

are thus favored over angles deviating from that direction, which basically limits the angle
difference between consecutive vessel points. Since the next point on the trace is defined
by:

sk+1 = sk + re(ϕk+1) (6.22)

the radius r not only controls the distance between consecutive points in a trace but also
the stiffness of this trace. Large values of d1 (large vessels, and hence large r, accord-
ing to Equation 6.20) cause the vessel to be described by few points along an inherently
stiff trace, which is consistent with our expectation regarding the ‘stiffness’ of large ves-
sels. On the other hand, small and possibly tortuous vessels will be described by a larger
number of points along a flexible trace.

Stop criteria

The above two steps, roughly estimating the new direction ϕ̂k+1 from Equation 6.19 and
finding the new point sk+1 from Equations 6.21 and 6.22, are repeated until either of two
stop criteria is met. The trace is firstly ended if the certainty that the newly found point
coincides with a vessel drops below a threshold δ:

V (sk+1) < δ (6.23)

The second situation in which the tracing procedure is stopped is when the point sk+1

happens to belong to a forbidden zone, denoted by a non-zero element in a special map.
This map, f (x), specifies which parts of the image are regarded as forbidden areas. The
boundaries of the image and the neighborhoods of arteries that where already traced are
marked as such (see Fig. 6.8 for an example). The map is updated in every iteration of the
artery tracing procedure to ensure that the trace does not fold back, does not cross itself,
and does not trace the same (e.g. circular) segment over and over again. Note that, once
an area has been marked as forbidden, it will not lose that qualification, even when the
algorithm starts tracing another branch.

The trace that remains when the branch tracing algorithm has ended is denoted by the
points {s1,s2, . . . ,sN}, with N representing the total number of points in this trace. If this
trace is too short (N ≤ 3), e.g. due to a spurious edge effect that has been classified as a
branch, the trace is rejected. Fortunately, since seed points are processed based on their
probabilities, this does not occur very often.

6.3.4 Adding new seed points and tracing the tree

At this point in the algorithm, the system delineated a single trace of the arterial tree,
denoted by {s1,s2, . . . ,sN}. But the objective is to delineate a set of connected traces
(a tree), requiring the identification of new seed points. We therefore tag all the points
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Figure 6.8: The forbidden zone map f (x) on the right, resulting from the traces overlayed
on the original image on the left. The black areas on the right are the forbidden zones.

{s1,s2, . . . ,sN} as potential new seed points; consequently, any new traces found are guar-
anteed to be connected to the first trace. Each of these potential new seed points is asso-
ciated with a confidence value, in a procedure identical to that used in Section 6.3.2, with
the radius of the scan circle set to:

r = ρdir ·d1 (6.24)

All potential new search directions around each of the points {s1,s2, . . . ,sN} (not pointing
to a forbidden zone) are added to the candidate list (see Section 6.3.2, with an example
in Fig. 6.9). There is no need to specify a threshold for these candidates, because the
algorithm will use only the most probable candidate available at any time.

The segmentation of the arterial tree continues by taking the next most likely new seed
point from the candidate list, and uses it to delineate another branch of the arterial tree, as
described in Section 6.3.3. The whole procedure ends when the candidate list is empty,
or when a specified number of branches has been identified.

6.4 Selecting parameter values

The parameters used during the experiments are listed in Table 6.1. Although the number
of parameters is quite high, selecting them is generally not very difficult. Most of the
parameters have a very moderate effect on the overall outcome and can be constant for
large groups of images. Also, we introduced a large number of parameters only to make
the method more general and flexible, instead of hiding them behind ‘design decisions’.

The parameters that are easiest to select include α, γ, σlow, r, ρ, ρdir, and s. The selec-
tion of α, γ, and σlow has been discussed extensively in Sections 6.3.3, 6.3.2, and 6.1.2,
respectively. The parameter s balances the accuracy of the vessel resemblance function
with the time required to perform the scanning; any value between 1.1 (slow and accurate)
and 2 (fast but inaccurate) will yield comparable segmentation results (Section 6.1.2). The
radius r is only used to find the search directions for the initial seed point (Section 6.3.1).
Once those search directions have been found, the adaptive radius selection scheme of
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Figure 6.9: Potential new seed points based on the delineation of one trace. The arrows
indicate the candidates that remain after eliminating those that fall within a forbidden
zone. The lengths of the arrows represent the confidence values of the candidates.

Equations 6.20 and 6.24 takes over. The values of ρ and ρdir (the relative sizes of the scan
circles with respect to the estimated vessel widths) are normally chosen as ρdir = 2ρ [Hoff-
mann et al. 1986]. Since our method to estimate the vessel widths tends to overestimate
the real vessel diameter (Section 6.3.2), the scan circle radii will be sufficiently large with
ρ = 1/2 and ρdir = 1 (the radius r = ρ ·d1 will thus be half the overestimated diameter).

Parameters that require some more consideration are β1, β2, β3, and σup (see Sec-
tions 6.1.1, 6.1.2, and 6.2.2). Fortunately, our experiments show that suitable values yield
good results over a wide range of image characteristics (see also Frangi et al. [1999]).
The remaining parameters, δ and M, are the only two that may need adjustments between
different images. We deliberately used the same parameter values throughout our experi-
ments (Table 6.1) to show the robustness of the algorithm to parameter changes.

6.5 Discussion

We have presented a new algorithm that uses a unique combination of scanning and trac-
ing. During the scanning step, continuous vessel resemblance values are assigned to each
pixel, and the subsequent tracing algorithm traces the vessels in the resulting feature im-
age (instead of tracing vessels in the original image). There are several advantages to us-
ing these resemblance values throughout the algorithm. First of all, the decision whether
or not a pixel belongs to a vessel is postponed as long as possible, i.e. until the artery
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Parameter Equation Limits Typicala Usedb Description

α 6.19 0 ≤ α ≤ 1 - 0.5 Weight factor of dir. estimate

β1 6.6 β1 > 0 1 0.5 Weight factor of RB

β2 6.6 β2 > 0 10 10 Weight factor of S

β3 6.16 β3 > 0 1 0.5 Weight factor of |∆ϕ|
γ 6.17 0 < γ< 1 - 0.6 Fraction of the max lobe value

δ 6.23 0 < δ < 1 - 0.05 Stop threshold for tracing

ρ 6.20 ρ > 0 1 0.5 Relative value of r (tracing)

ρdir 6.24 ρdir > ρ 1 1 Relative value of r (branches)

σlow 6.11 σlow ≥ 1 1 1 Smallest scale

σup 6.11 σup ≥ σlow 10 8 Biggest scale

M - M > 1 10 12 Number of branches to find

r 6.14 r > 0 10 16 Radius of the scan circle

s 6.11 s > 1 1 2 Ratio of successive scales

aOrder of magnitude.
bThe value used in our experiments.

Table 6.1: Overview of the parameters of the algorithm.

tracing phase. This is a major improvement over methods that have to judge the valid-
ity of candidates as soon as they are encountered. In those methods, there is always the
possibility that a candidate is rejected because it is deemed invalid, while no more valid
candidates are available to continue the algorithm. Secondly, the use of resemblance val-
ues results in an algorithm that traces the arterial tree in a natural order: major branches
first, followed by minor ones (based on the information available at that time). Thirdly,
the artery branches are traced from their proximal to their distal ends, instead of in an
arbitrary direction. This way, the topology of the arterial tree comes closer to approxi-
mating the actual topology. Furthermore, it circumvents the problem that large branches
are divided into smaller segments as a result of previously segmented small branches that
cross the main branch (thereby ruining the topology of the tree).

In conclusion, the main characteristics of the algorithm presented here are:

• The method does not require any user interaction, not even to identify a start point.
Nonetheless, it allows the user to edit the results afterwards.

• It identifies the approximate path lines of the main branches of the coronary artery
tree.

• It finds only connected components, and the topology of the resulting tree can be
deduced easily.

• Most parameters can be fixed to a workable value for all images. Only a small
number of parameters have substantial influence on the eventual outcome.

• The method is robust in coping with interfering factors such as noise and back-
ground structures.

The experimental results of the algorithm are presented in Section 8.1.





Chapter 7
MOTION CORRECTION

In Chapter 5, motion was identified as one of the major problems in applying densitom-
etry to cardiac images. This chapter will therefore develop an algorithm to register all
the images of an angiographic image sequences, so as to correct for cardiac motions (or,
conversely, to relocate the ROI such that it follows the anatomical sampling site). In this
motion correction process, the main challenge is the fact that, in general, the densitometric
sampling sites show too little image contrast to allow reliable recognition of that particu-
lar anatomical site in all images of the image sequence. For a myocardial sampling site,
this is apparent since a patch of myocardium normally exhibits a uniform image intensity
(apart from noise), just like its surroundings. In pre- and post-contrast images, an arterial
sampling site poses similar problems (note that tracking the motions of the sampling sites
during these pre- and post-contrast periods is necessary for some of the flow measurement
methods, as discussed in Chapter 5). Also, in images with sufficient contrast, longitudinal
motions are undetectable due to an effect known as the aperture problem [Mitiche 1994;
Schrijver et al. 2000, 1999b]. As a result, the tracking of the sampling site through time
has to be based on more information than just the gray-scale values at the sampling site
itself. The method proposed in this chapter uses spatial interpolation and temporal extrap-
olation for this purpose. The idea is that spatial interpolation can be used to estimate the
motions of sampling sites in those images in which the coronary arteries are being opaci-
fied by contrast material. Once these positions have been found for all images acquired
during the contrast period, temporal extrapolation yields the positions of the sampling
sites during the pre- and post-contrast periods.

This chapter starts with a global overview of the algorithm (Section 7.1). The main
components of the algorithm are discussed in more detail in Sections 7.2 through 7.4.
This chapter ends with a short discussion of the proposed motion-correction algorithm
(Section 7.5).
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7.1 General approach

Suppose that the angiographic image sequence consists of N images of M-by-M pixels,
which have been acquired at a fixed frame rate, denoted by 1/Tacq (in frames per second,
fps). As a result, the complete sequence was acquired in NTacq [s]. Denote each of these
images by G(u,v;n), in which u and v are the image coordinates (1 ≤ u,v ≤ M), and
n ∈ {1,2, . . . ,N} the image number. The so-called contrast period is defined by those
images n = npre,npre +1,npre +2, . . . ,npost −1,npost, in which the arteries are sufficiently
opacified by the contrast material. In the rest of the images (representing the pre- and
post-contrast periods n = 1,2, . . . ,npre − 1 and n = npost + 1,npost + 2, . . . ,N) the arteries
are normally not discernable from their surroundings.

The objective of the motion correction algorithm is to spatially transform each of these
N images (including the pre- and post contrast images) in such a way that the heart appears
not to move. The algorithm starts with some preprocessing, including the analysis of the
ECG signal in order to link each image of the sequence to a certain phase in the cardiac cy-
cle (systole, diastole etc., see Section 7.2). A single image G(u,v;n0) of the angiographic
image sequence is selected, somewhere halfway in the sequence. It is assumed that in this
image n0 the complete arterial tree is opacified by the contrast material (middle pane of
Figure 1.2). This arterial tree is subsequently segmented by the automated segmentation
algorithm of Chapter 6. The resulting tree is divided into traces, each trace connecting
bi- or trifurcations, or start-/endpoints. As will be deduced in Section 7.2, the start- and
endpoints of the resulting traces are the only natural landmark points representative of the
cardiac motions.

Based on these natural landmarks, an image registration process is started in which a
target image n is registered to image n0 (Section 7.3).

1. The neighborhoods of the landmark points are used to build templates of each of
these landmarks. In a standard template matching process, these templates are used
to estimate the locations of the landmarks in the target image, G(u,v;n). The results
and the accuracy of the template matching process are monitored in order to detect
mismatches.

2. Using a spatial interpolation approach (using a rigid transformation), the estimates
that are deemed inaccurate are updated, based on the locations of other landmark
points. However, if there is an insufficient number of reliable data available, the
image n is rejected, and the attempt to register this image to n0 is ceased.

3. In the target image, G(u,v;n), the arterial segments between the landmark points
are found using a minimum cost path search method. An approximate point-to-
point correspondence with the arterial segments in image G(u,v;n0) is established.

4. Using (anisotropic) error covariance matrices in each of the points thus found (land-
mark point having small and isotropic error variances, and the vessel points having
larger and anisotropic variances), a global thin-plate spline (TPS) transformation is
estimated. By using an approximating TPS approach, a smooth registration is ob-
tained that corresponds best (in a least-squares sense) to the non-rigid motion data
of the landmarks and arterial segment points [Rohr et al. 1999].
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This process is repeated for all the images in the sequence, based on a specific search
pattern (Section 7.4). By processing the images in a particular order, the matching process
exploits the similarities of cardiac gated images in the sequence.

Since the algorithm described sofar relies on template matching and artery tracing to
find correspondences between control points, only the images with sufficient contrast are
registered. In order to also register the pre-contrast and post-contrast images, we employ
a temporal extrapolation procedure on the trajectories of the landmark points. Based on
these extrapolated landmark positions, the pre- and post-contrast images are registered to
image n0 similar to all the other images (Section 7.4).

7.2 Preprocessing

The main objective of the preprocessing step is to identify image points that are represen-
tative of the cardiac motions, such that they can be used as control points in the image
registration algorithm. Preferably, there should be a large number of such control points,
uniformly distributed over the myocardial area in the image(s).

7.2.1 Selecting control points

A straightforward approach to finding large numbers of control points for image regis-
tration is to start with a rectangular grid of potential control points, and use some sort of
exclusion- or weighting-algorithm to minimize the influence of unsuitable control points
on the final result (see Meijering et al. [1999a] for an overview) [Buzug et al. 1997, 1999;
Cox 1994]. In estimating cardiac motions, such an approach has two major drawbacks.
First of all, control points that represent motions of background structures (e.g. the verte-
brae) will not be recognized as such, resulting in inaccurate registration of the myocardial
image areas. Secondly, since the control points are basically arbitrarily distributed over
the image, there is no guarantee that the registration process will accurately register in-
dividual artery segments. As a result, misregistration is likely to occur near the coronary
vessels, with severe consequences for the densitometric measurement of an arterial ROI.

So, it is desirable to explicitly include vessel points as control points, and exclude all
points not representing the motion of the myocardium (or its vessels). Since the contrast
enhanced coronary arteries are the only distinguishable parts of the heart in typical coro-
nary angiograms, it follows that these vessel points constitute the only suitable control
points. This is an important conclusion, especially since it appears to be the opposite of
what other researchers have proposed, i.e. exclude vessel points (e.g. Cox [1994]). This
seeming contradiction can be explained by the different applications of the algorithms. In
typical DSA applications, the control points are used to register a pre-contrast image to an
image in which the vessels are filled with contrast material. As a result, the vessel points
cannot be used as control points as they are not visible in the pre-contrast image. There-
fore, other apparent features in the images are used, assuming that they are representative
of the motion of the vessels [Meijering et al. 1999a,b]. In our application, however, such
‘other’ features do not exist, and above all, we use template matching only to track the
arteries during the contrast period; the locations of the vessels in pre- or post-contrast
images will be estimated using extrapolation in time.
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7.2.2 Control points and landmarks

It is clear from this discussion that the only suitable control points are the centerline points
of the opacified vessels. However, these control points as such are not uniquely recog-
nizable due to the aperture problem, such that an elaborate matching algorithm has to
be employed to establish the one-to-one correspondences between the control points of
images n0 and n. To circumvent this correspondence problem, we restrict ourselves to
those control points that represent apparent features of the arterial tree, such as bi- or tri-
furcation points, and start- or endpoints. Such points are in general uniquely identifiable,
and can therefore function as natural landmark points. It will be shown in Section 7.3.2
that, based on the locations of these landmarks, the correspondence problem of the other
control points (i.e. the vessel points not being a landmark) can be solved as well.

7.2.3 Finding the natural landmarks in the image: segmentation

In order to find natural landmarks in the images, the arterial tree in one of the images
of the sequence is segmented. Chapter 6 presented an algorithm that can be used to
do so; it results in a list of connected traces (each trace being represented by a number of
centerline points), such that the bi- or trifurcations and the endpoints are readily extracted.
The particular image of the image sequence to be used in this segmentation algorithm is
selected based on two criteria. First of all, the image should have sufficient contrast to
enable delineation of the coronary artery tree, and second, the image has to depict the
heart in a diastolic state in order to minimize overlap and obscuring of the vessels. The
state of the heart in each of the images can be deduced by analyzing the ECG-signal that
accompanies the image sequence (in DICOM format). The ECG-signal analysis consists
of some basic signal processing steps, such as low pass filtering to remove noise, peak
detection to get the R-peaks of the PQRS-complexes [Guyton and Hall 1996], and pruning
to eliminate false peaks (some typical results are shown in Figure 7.1). Based on this
analysis, the average duration of one cardiac cycle, Tecg, is determined as the average
time between the peaks. The number of images acquired during one cardiac cycle is
denoted by Necg = Tecg/Tacq.

The image that will be used in the segmentation process, denoted as image n0, is
selected somewhere halfway in the sequence, at two-third between the R-peaks (i.e. at
end-diastole). This is indicated by the upward arrows in Figure 7.1. The result of the
segmentation of image n0 (Chapter 6) is a set of trace points: {sn0}. From this set of
trace points, landmark points are identified as the points in which two (or more) traces
connect. These landmark points are denoted by the set {p}, having K elements. Note that
this set of landmarks is the same for all images of the sequence, in concordance with the
requirement of having the same topology of the arterial tree in all images of the sequence
(only the landmark locations change as a function of the image number, n). An example
of the segmentation result is given in Figure 7.2.

7.3 Image by image registration

This section develops an automated algorithm to register some image n of the image
sequence to image n0. For simplicity, a strategy will be assumed in which each image n is
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Figure 7.1: Typical results of the ECG analysis algorithm, applied to two ECG signals;
the upper pane shows an ECG-signal or a regular sinus rhythm, and the lower pane of an
irregular one. The arrows pointing down denote the R-waves detected by the algorithm,
the arrows pointing up the selected image n0.

processed independently of the other images of the sequence. As a result, the algorithm
involves only the images n0 and n. While this simplification proves to be convenient in
explaining the fundamentals of the system, it should be kept in mind that the eventual
implementation is slightly more complex (see Section 7.4.1).

7.3.1 Template matching on landmark points

The purpose of the template matching is to estimate the position of a landmark point pk(n)
in image n, knowing its original position pk(n0) in image n0. A square template image
Gtempl(pk) of this landmark is constructed, which is subsequently used to estimate the
new location of this k-th landmark point, p̂k(n) in image n, using straightforward tem-
plate matching [Meijering et al. 1999a; Tziritas and Labit 1994]. We use the normalized
cross-correlation similarity measure because of its fast implementation in the frequency
domain. Since the template matching is only applied to landmark points, and not to all
vessel points, the small aperture represented by the template does not cause gross inaccu-
racies [Schrijver et al. 2000].

Detecting incorrect template matching results

There are two main reasons to closely monitor the performance of the template matching.
First of all, the image sequence will contain images in which the contrast is insufficient to
accurately delineate the coronary arteries, for example during the pre- or post-contrast
phases (see Figure 1.2). By monitoring the accuracy of the template matches, these
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Figure 7.2: Typical result of the automatic segmentation algorithm. All trace segments
start and end in so-called landmark points, indicated by the circles.

low-contrast images can be recognized. Secondly, landmark points may overlap or get
occluded by other structures in the image, such that the new location estimated by the
template matching is likely to be erroneous. Unfortunately, there is no satisfactory means
of measuring the successfulness of the template matching process on a point by point
basis. It is true that the value of the similarity measure itself is positively related to the
reliability of the proposed new position, but its discriminating power in discerning suc-
cessful matches from mismatches proves to be low. We therefore use a different approach
in which the positions of surrounding landmark points is taken into account.

The first step in recognizing inaccurate template matching results is to check the image
for sufficient contrast. This is instrumented by applying the non-linear vessel enhance-
ment filter of Chapter 6 to the neighborhoods of all newly found landmark positions in
image n. This filter has a response that is proportional to the resemblance of the image
patch to a (contrast enhanced) vessel. So, when the response of this filter drops below a
certain threshold, the estimated landmark position is labelled as being inaccurate.

The second step in recognizing inaccurate template matching results is to measure the
distances between the landmark points in image n; if two landmark points come within
a certain range, we assume those two landmark points are overlapping in image n. This
overlap may occur due to overlap of vessels during certain phases of the cardiac cycle,
but also due to a mismatch. In either case, their position estimates are compromised, and
we label both landmark points as being inaccurate (for the current image n only).

The third step in eliminating erroneous template matching results is based on a clus-
tering algorithm on the motion vectors ∆pk = p̂k(n)−pk(n0). The idea is that a mismatch
(e.g. due to overlap, obscuring, or insufficient contrast), will result in a motion vector
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that points in an ‘unlikely’ direction. By clustering the lengths and directions of all mo-
tion vectors ∆pk in a two-dimensional feature space, the most likely motion vectors are
identified [Bazen 2002].

For simplicity assume that the first K0 landmark positions are classified as being re-
liable (i.e. k ∈ {1,2, . . . ,K0}) and the remaining landmark positions as being unreliable
(k ∈ {K0 +1,K0 +2, . . . ,K}). The K −K0 ‘unreliable’, and possibly erroneous, landmark
locations in image n can be updated by using a spatial interpolation technique. However,
if the number of ‘reliable’ landmark positions drops below a certain threshold, the image
n is deemed to have insufficient contrast to proceed, and is therefore rejected. In such
cases, the registration of image n to image n0 is stopped, and the overall procedure may
continue to process another image n (see Section 7.4).

Updating missing or inaccurate data: spatial interpolation

At this point in the process, the new landmark positions resulting from the template match-
ing, p̂k(n), have been classified into two categories: K0 reliable positions, and K −K0

unreliable ones. Let’s change the notation of the first group to pk(n) (instead of p̂k(n)) to
reflect the fact that we are quite certain they are correct. If there are a sufficient amount
of such reliable landmark positions (i.e. K0 larger than, say, 3), the unreliable position es-
timates can be updated by exploiting the spatial relationship between these landmarks
(they are all connected by one continuum, the epicardium). This is instrumented by
coarsely registering image n to image n0, based on the K0 reliable motion vectors ∆pk

(with k ∈ {1,2, . . . ,K0}). We use a rigid transformation for this purpose for its supe-
rior (numerical) stability compared to non-rigid transformation, especially with a limited
number of control points [Schrijver and Slump 2002].

Define the rigid transformation F as a rotation and a translation:

F :

[
u
v

]
�→

[
u0

v0

]
+S

[
cosφ −sinφ
sinφ cosφ

][
u
v

]
(7.1)

controlled by the parameter vector [u0,v0,Scosφ,S sinφ]. For the interpolation between
landmark points, it is required to find a transformation F̂ that satisfies the set of equations:

p1(n) = F̂(p1(n0))
p2(n) = F̂(p2(n0))
... =

...
pK0(n) = F̂(pK0(n0))

(7.2)

However, since there are, in general, fewer degrees of freedom than there are equa-
tions, this system can only be solved by approximation, for example in the least squares
sense [Chang et al. 1997]. Once F̂ has been determined, the locations of the K −K0

remaining landmark points are calculated as:

pk(n) = F̂(pk(n0)) k = K0 +1,K0 +2, . . . ,K. (7.3)

These new estimates, based on spatial interpolations, are accepted as being the correct
landmark positions in image n. We do not subject these new estimates to the same scrutiny



158 CHAPTER 7. MOTION CORRECTION

as we did with the estimates resulting from the template matching. Otherwise, we may
end up with less than K landmark points in image n, which increases the complexity of
the overall registration algorithm.

7.3.2 Adding additional control points

As argued in section 7.2, it is essential to incorporate the arterial segments in the im-
age registration process, instead of relying on the motions of the landmarks alone. We
therefore include the centerline points of the vessels as well, not withstanding the fact
that these additional control points will have different properties than the landmark points
(see Section 7.2.2). Section 7.3.3 will discuss in more detail how to account for these dif-
ferent properties between landmark points and the other control points; for now we will
focus on finding the vessel points in all images of the sequence, as well as on establishing
point-to-point correspondences in the presence of ambiguities.

Artery tracing between landmark points

The result of the segmentation process performed on image n0 was, next to the set of
landmarks {p}, a set of trace points, {sn0} (see Section 7.2.3). In order to use these
trace points as control points in the image registration, it is required to find a similar set
of points {sn} in the current image n. Fortunately, since these trace points belong (by
definition) to a vascular segment connection one landmark point to another, these traces
are relatively easy to find in image n. For, the start- and endpoints of a trace, say points
pk(n) and pk+1(n), have already been found (Section 7.3.1). The global operation of the
algorithm to find additional control points along the trace is illustrated in Figure 7.3.

Tracing an arterial segment between two known points is a problem that has a well
known solution in the form of a minimum cost path [Fleagle et al. 1989] (also known
as dynamic searching [Pope et al. 1985], or dynamic programming [Papadimitriou and
Steiglitz 1982]). In such an algorithm, each pixel in the image is assigned a ‘costs’ (in
this research, the squared pixel value was used). These pixel-costs are subsequently used
to find a path between the known start- and endpoints pk(n) and pk+1(n), such that the sum
of all pixel-costs along that path are minimal. To allow a simple and fast implementation,
it is convenient to resample a region of the image such that the expected vessel centerline
is a straight line from the middle pixel of the top row to the middle pixel of the bottom
row of the resampled image (Figure 7.3(d)). In the resampled image, the set of possible
paths that have to be investigated (i.e. the ensemble) is much smaller than in the original
image. The path found is projected back onto the original coordinate system to find the
path between the given landmark points (Figure 7.3(e)).

The effectiveness of this technique depends heavily on the resampling path. Its shape
determines the overall shape of the path eventually found by the minimum cost path search
algorithm. We therefore use a smoothed spline approximation of the original trace (Fig-
ure 7.3(a+b)). We first find a rigid transformation that warps the two landmark points
pk(n0) and pk+1(n0) to their new positions pk(n) and pk+1(n), respectively [Chang et al.
1997], and use this transformation to warp the vessel segment from image n0 to image n.
This warped centerline is subsequently approximated by a spline curve with only three
control points (the start- and endpoints, and one point exactly in between) to be used in
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(a) (b) (c) (d) (e)

Figure 7.3: Illustration of the template matching of landmark points, and subsequent
artery tracing. Pane (a) shows a trace in image n0, being projected onto the next image,
n in (b). The new locations of the landmark points are found by template matching (see
the arrows). Pane (c) shows the warped trace, together with the resample path generated
from this warped trace (dotted line). Pane (d) is the resampled image, with the new trace
superimposed (dynamic programming). Finally, (e) shows the back projected trace of (d)
onto image n.

the image resampling process (Figure 7.3(c)) [Unser 1999]. The coarse spline approxi-
mation is essential in ensuring stability of the minimum cost path algorithm; simply using
the (warped) centerline as a resampling path can result in traces that are strongly curved,
and can even build loops.

Establishing a point-to-point correspondence between traces

In order to use as many control points as we can in the image registration process, we
need to establish a point to point correspondence between all control points in image
n0, and in image n. For the landmark points, this correspondence has been established
implicitly by the template matching process. For the trace points, however, finding such
a correspondence is more difficult.

Since the topology of the arterial tree is known (due to the segmentation process per-
formed on image n0), the correspondence between traces has already been established.
What remains is the point-to-point correspondence between trace points sm(n) and sm′(n0)
of the same trace. Whereas some researchers use a dynamic programming approach to this
problem (e.g. Tom and Efstratiadis [1994]), we assume a uniform shortening or length-
ening of vessel segments. In our approach, each trace in image n0 is approximated by a
spline, such that the trace becomes a parametric curve with parameter s (with 0 ≤ s ≤ 1).
This spline approximation is subsequently divided into a number of equally sized trace
segments (in the order of 5 to 10 pixels in length). By using the corresponding (equally
spaced) values of s as the spline parameter in the corresponding approximation in im-



160 CHAPTER 7. MOTION CORRECTION

age n, the complete trace is uniformly lengthened or shortened. This way, a rough but
unique point-to-point correspondence between the trace points in images n and n0 can be
established.

7.3.3 Image registration

Now that the point-to-point correspondences between landmark points and the vessel
points have been established, these two sets of points can be used as control points in
globally registering image n to image n0.

Thin-plate spline interpolation

The thin-plate splines (TPS) transformation is given by [Bookstein 1989]:

[
u
v

]
�→


a0u +a1uu+a2uv+

p

∑
i=1

wiuU (|xi − (u,v)|)

a0v +a1vu+a2vv+
p

∑
i=1

wivU (|xi − (u,v)|)

 (7.4)

where the combined set of aiu, aiv, wiu and wiv are the controlling parameters, together
with the set of points xi (in our case: xi = pi(n0)). The a parameters control the linear
(affine) part of the function, while the weights w control the contributions of the non-linear
functions U(r), defined by:

U(r) = r2 log(r) (7.5)

Unlike the rigid transformation of Equation 7.3, a single set of thin-plate spline param-
eters may be founded that maps all control points in image n0 to their corresponding
locations in image n (see Equation 7.2). However, the resulting thin-plate spline will, in
general, not be very smooth: every inaccuracy in the estimation of landmark positions, or
in establishing the correspondences between the control points, will result in large non-
rigid deformations of the thin-plate spline. And since the motions and deformations of
the heart are relatively smooth, it is advantageous to use a variation of the (interpolating)
thin-plate splines, known as approximating thin-plate splines [Bazen 2002; Rohr et al.
1999].

Thin-plate spline approximation

In the approximating thin-plate spline approach, each control point is associated with an
error covariance matrix. This matrix represents the inaccuracy of that control point; if its
variances (in the u- and v- directions) are small, the approximating thin-plate spline will
try to comply closely to that control point, at the expense of control points with larger
error variances. As a result, the global transformation described by Equation 7.4 will no
longer map all the landmark points pk(n) perfectly onto pk(n0). But, the overall trans-
formation found will be more smooth. The trade-off between smoothness of the overall
transformation, and the accuracy with which the control points are obeyed is controlled by
a parameter λ. With λ = 0, the interpolating thin-plate spline is obtained; by λ very large,
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the TPS will degenerate to an affine transform. So, increasing the value of λ decreases
the sensitivity of the algorithm to errors in the positions of the control points, and yields,
in general, a smoother transformation.

We used this approximating TPS to register image n to image n0. The error covariance
matrices of the control points reflect the differences between landmark points and the
other control points. The landmark points do not have a specific orientation, such that the
error variances in the u- and v-directions are equal (isotropic). Also, since these points
are relatively easy to recognize in the angiographic images, their overall accuracy is quite
high (resulting in small error covariances). In comparison, the other control points (i.e.
the trace points) are less accurate, especially in the direction parallel to the vessel (due to
the aperture problem). Hence, these control points will be associated with an anisotropic
error covariance matrix reflecting the orientation of the corresponding trace.

The TPS transformation that is estimated based on all control points can be used in
two similar but slightly different ways. The first option is to transform image n such that it
registers to image n0. As a result, the accuracy of the registration process is easily verified
by overlaying multiple registered images of the image sequence. Also, the ROI used for
densitometric sampling can be fixed at specific image coordinates, which is convenient. A
disadvantage is the computationally expensive image transformation. The second option
is to relocate the ROI, based on the TPS transformation. In doing so, care should be taken
to update the size and shape of the ROI to correspond to the transformed anatomical
sampling site.

By finding the transformation that maps the control points of image n to image n0,
the processing of image n ends. The overall procedure continues by selecting another
image n, and the whole process of template matching (Section 7.3.1), finding trace points
(Section 7.3.2), and image registration (Section 7.3.3), is repeated until all images of the
sequence have been registered to image n0. The part of the system that controls all these
processes is explained next (Section 7.4).

7.4 Registration of the complete sequence of images

Sofar, we considered an algorithm that registers some image n to image n0, without ex-
ploiting the fact that the results of prior iterations may provide valuable information. So,
in the direct application of the algorithm(s) discussed in Section 7.3, the order in which
the images are processed is immaterial. In the current section, a more advanced approach
is developed in which prior results are used to increase the performance. It will require a
specialized search strategy, so as to incorporate as much information as possible.

7.4.1 Exploiting prior results

The template matching technique as outlined in Section 7.3.1 is very sensitive to a chang-
ing appearance of the landmark, for example due to rotation, scaling or object morphol-
ogy. A possible solution to this sensitivity is to modify the similarity measure to become
invariant for rotation or scaling [Bentoutou et al. 2002]. However, these invariant similar-
ity measures are generally computationally much more expensive than simple correlation-
based similarity measures.
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If the landmark appearance changes only slightly from image to image, the sensitivity
of the template matching to a changing appearance of the landmark points can also be
solved by building a more robust template, incorporating its expected orientation, scale,
or brightness. This is instrumented by using a reference image, G(u,v;nref), in which it is
assumed that the landmark has a similar appearance as in the target image n. The template
is then defined as:

Gtempl(pk) = ρ ·G(pk(n0))+(1−ρ) ·G(pk(nref)) (7.6)

in which G(x(n)) denotes the (square) region around point x in the n-th image of the
sequence. This type of template is especially suited for tracking the motions of a landmark
point in a number of successive images, with nref = n−1. The parameter ρ (with 0 ≤ ρ≤
1) determines to what extent the template adapts to e.g. slow rotation, scaling, or fading of
the object it represents (i.e. the landmark point); with ρ= 1 the template remains unaltered
throughout the sequence, and with ρ = 0 the template equals the image region surrounding
the landmark point in the previous template match result. A major disadvantage of this
solution, however, is its instability. Once the template has been mismatched, the template
will be updated with an invalid representation of the landmark point. In all following
images the algorithm will pursue a phantom landmark without a chance on recovery.
The value of ρ should therefore be chosen as ρ > 0 to enable recovery from template
mismatches.

It can be concluded that the order in which the images are processed becomes im-
portant. For, it is desirable to select a strategy in which the reference image nref can be
used to its full potential. Unfortunately, sustained tracking of the landmark positions in
successive images (which would be optimal in exploiting the information contained in the
reference image) is impeded by a cumulation of errors. This is caused by the fact that, in
this strategy, the location pk(n) is based on the estimated position pk(nref) = pk(n− 1),
which on its turn is based on the estimate pk(n− 2), and so on (see Equation 7.6, with
nref = n−1).

7.4.2 Search strategy

The accumulation of errors during sustained tracking, is tackled by processing the images
in a particular order to exploit the periodicity of the cardiac motions. Since the accuracy of
the tracking process is highest during the diastole (little motion) and lowest during systole
(large motions and many overlapping vessels), it is useful to process the diastolic images
without interference of the inaccurate tracking results caused by the systolic images. The
tracking process is therefore divided into different stages, such that systolic and diastolic
images are processed differently. Knowing the (average) number of images equivalent to
one cardiac cycle (Necg, see Section 7.2.3), the processing consists of three stages:

1. Trying to find new landmark positions for the images n0 +kNecg, with k ∈ Z. Since
in all of these images the heart will be in the same diastolic state, we can use ρ = 1
in Equation 7.6, and the result will be relatively accurate and reliable.

2. Starting in each of the images n0 +kNecg, search forward and backward over a range
of Necg/2, updating the templates according to Equation 7.6 with nref = n±1.
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3. In some cases, there will be a small number of images that still need processing.
Such images can be handled by finding ECG-matched images to construct the tem-
plates. If no suitable ECG-matched image can be found, simply use forward or
backward tracking as in the previous stage.

7.4.3 Extrapolation in Time

The image registration algorithm discussed sofar is capable of registering the contrast im-
ages (n = npre,npre + 1,npre + 2, . . . ,npost − 1,npost) in which the arteries are sufficiently
opacified by the contrast material. In order to extend this range and include the pre- and
post-contrast images of the angiographic image sequence, we propose to use temporal
extrapolation of the landmark trajectories. Since these trajectories are (to some extent)
periodic due to the rhythmic cardiac contractions, extrapolation based on Fourier anal-
ysis may be feasible. However, arrhythmia (e.g. induced by the contrast injection, see
Section 4.2.3) can cause large inaccuracies.

Another possibility is to combine spatial and temporal information by using Iterative
Lower Rank estimation [Muijtjens et al. 1993]. To this end, define the 2K by N position
matrix M as M = [X |Y ]T , containing K (x,y) pairs (landmark points) over N time steps.
This matrix can be though of as containing only samples of a complete matrix M̂. This
matrix M̂ will, in general, be of full rank. However, if its rank L is restricted to a lower
value, omitting the eigenvectors with the weakest eigenvalues, it can be seen that it rep-
resents the most common and strongest components of the matrix M. So, the target is to
find an approximation M̂L to M̂ that contains only the L strongest eigenvectors (i.e. M̂L

will be of rank L). Muijtjens et al. [1993] present a method to iteratively calculate M̂L.

7.5 Discussion

The development of a complex system like the one presented in this chapter always in-
volves some crucial choices. As these choices basically define the overall performance of
the system, they will be enumerated and discussed in a bit more detail.

One of those elementary choices is to use arterial landmark points to represent the
cardiac motions (Section 7.2). Although we deduced that these points are the only suitable
points available, their sparse and inhomogeneous distribution in the images can cause
inaccuracies. As a result, it is not to be expected that the motion correction algorithm
performs well in myocardial areas located at some distance from the coronary arteries.
Fortunately, this is not a major shortcoming, as such remote myocardial areas are unlikely
to be opacified by the contrast material, rendering densitometric measurements in those
areas useless.

We also chose to use a rigid transformation in order to correct inaccurate template
matching results by spatially interpolate between landmark points (Section 7.3.1). Al-
though rigid transforms are generally more stable and perform better with a limited num-
ber of control points, they are obviously not capable of fully capturing the complex mo-
tions of the landmark points. Preliminary results show, however, that the motion vectors
of successive images in a fast image sequence (i.e. Tacq ≤ 40 ms) can be modelled quite
well by a simple rigid transform [Schrijver and Slump 2002]. Also, there is still room for
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improvement of the rigid transformation approach. In the current implementation, only
one reference image is used to estimate the landmark positions (i.e. n0 in Equation 7.3).
However, it may be beneficial to include the results of all images processed prior to the
current image n, i.e. to incorporate the images n−1, n+1, n+Necg, etc. in the process as
well [Schrijver and Slump 2002].

Another important choice has been made regarding the temporal extrapolation
method; we propose to use an Iterative Lower Rank estimation technique. The results
obtained with the ILR method on fiducial cardiac marker data are quite promising, but
we have noticed before that the limited number of points (i.e. K landmark points, in the
order of 10, compared to hundred or more in the experiments by Muijtjens et al. [1993])
severely deteriorates the results [Schrijver and Slump 2002]. It is also questionable to
what extent the ILR method is capable of predicting the landmark locations multiple time-
steps ahead, especially in the absence of any information on the landmark positions in the
target image. Note that, in the current approach, there is a sharp distinction between con-
trast and non-contrast images: in contrast images, all K landmark positions are assumed
to be known, while in the non-contrast images none is. In order to improve the accuracy
of the ILR technique, it is advisable to decide for each landmark individually whether it
has been reliably detected in the low-contrast images or not. This way, the mask matrix
W will contain less zeros in the pre- and post-contrast columns, thereby improving the
robustness and accuracy.

In conclusion, we propose an automated system that registers the arterial trees of all
the images of an angiographic image sequence. This way, arterial ROI’s, and myocar-
dial ROI’s close to the opacified arteries can be used without being impeded by motion
artifacts. By employing temporal extrapolation of landmark trajectories, even the pre-
and post-contrast images can be registered, such that deriving timing parameters from the
time-density curves of such ROI’s are more reliable (especially the arrival time methods,
see Section 5.1.3).



Chapter 8
EXPERIMENTAL RESULTS

Several aspects of the automated motion correction algorithm developed in Chapters 6
and 7 have been validated experimentally. In particular, the performance of the automated
segmentation algorithm, and the performance of the motion estimation algorithms have
been evaluated. The experimental setup, and the obtained results, are described in this
chapter.

8.1 The segmentation process

The automated segmentation algorithm of Chapter 6 finds the centerlines of the coronary
arteries in routinely acquired coronary angiograms. We evaluated the performance of the
algorithm in a fully automatic mode (no user interaction whatsoever), and in an ‘auto-
mated’ mode, in which the operator identifies and corrects errors made by the algorithm.
In this process, we tracked the number of mouse clicks necessary to obtain satisfactory
results. The eventual segmentation results were quantified by visual inspection, count-
ing the number of (main) branches that have been identified, compared to the number of
(main) branches visible in the image.

8.1.1 Test images

The test database contained 90 images of human left coronary artery (LCA) systems and
31 images of human right coronary artery (RCA) systems, belonging to 27 different pa-
tients. All images were 512-by-512 pixels, 8-bit gray scale images. Most images were
recorded with a Philips Integris DCI system (Philips Medical Systems, Best, The Nether-
lands) during routine clinical procedures in the Erasmus Thorax Center (Zuiderzieken-
huis, Rotterdam). The set of images displays a wide variety of challenging artifacts,
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including visible balloon catheters, guidewires, stents, metallic stitches, saphenous vein
bypass grafts, coronary stenoses, and images in which only a small portion of the coronary
artery tree was visible.

Results were also obtained with a selected set of images from this database, in which
only high quality images were admitted (93 images). Images in which only a small part
of the coronary artery tree is visualized (due to severe obstructions, too little contrast
injection, etc.), or images in which our algorithm is unable to locate a correct initial seed
point (n = 16 cases), were excluded from this selected set.

8.1.2 Experimental results

Tables 8.1 and 8.2 lists the most important results of our experiments, and Fig. 8.1 and 8.2
give examples of the segmentation results (fully automatic and manually corrected traces,
respectively). Before and after performing manual corrections, we determined the total
number of traces, their average lengths and estimated diameters (in pixels), the average
percentage of the visible coronary artery tree that had been delineated, the average number
of main coronary artery branches found, and, finally, the average number of erroneous
traces. The average time required to obtain the automatic segmentation results was 22.7
seconds, with a standard MATLAB implementation on an AMD Athlon processor at 1400
MHz (512 Mb DDR memory). The response time to the addition of extra seed points (i.e.
the speed of the artery tracing algorithm of Section 6.3) is less than 2 seconds.

As expected, the number of main branches of the left coronary artery (LCA) system
is greater than the corresponding number pertaining to the right coronary artery (RCA)
system (the last column in Table 8.2). However, the number of main branches found by
the automatic algorithm does not differ significantly between LCA and RCA (5.9 and 4.9
respectively). This is caused by the fact that the automatic artery tracing algorithm is
easily confused when trying to reach a major subtree from the initial seed point. In doing
so, it will have to cross the proximal part of the LCA system, which is hardly ever imaged
without considerable overlap [Dumay 1992; Topol and Nissen 1995]. As a result, only
one major subtree of the LCA system is delineated (for example, see the second image of
the top row in Fig. 8.2). This also explains the relatively low average percentage of the
LCA tree that is delineated automatically (61%), compared to the 78% for the RCA.

The data in Tables 8.1 and 8.2 also shows that manual editing of the results yields, on
average, longer segments with a greater estimated vessel width. This coincides with the
observation that erroneous traces are normally narrow and short, and with the expected
goal of the operator to delineate all wide and long branches.

8.1.3 Discussion

In a number of situations our method is likely to fail. First of all, it will not find any
vessels (or only a small section of the tree) if the initial seed point is incorrect (16 out
of 121 cases). Secondly, with severe coronary stenosis, our method will find either the
proximal or the distal part of the artery tree, depending on the location of the initial seed
point; the user will have to manually identify another seed point for the other part of
the tree. Thirdly, obscuring and overlap may prevent the algorithm from finding correct
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Figure 8.1: Examples of results of the fully automatic artery segmentation algorithm. The
large block arrows point to the initial seed points, the smaller arrows to erroneous traces.
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Figure 8.2: Examples of results after manual corrections. The dotted lines are the traces
found by the fully automatic segmentation algorithm; the solid lines are added based on
manually identified seed points (small black arrows). The large block arrows point to the
initial seed points.
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# Aver. Aver. % of Aver. # Aver. #

N traces length diam. tree main b. errors

All images 121 1,043 102 11.5 55 4.8 1.5

- LCA 90 773 100 11.5 50 4.8 1.7

- RCA 31 270 107 11.3 70 4.6 1.1

Selected 93 783 100 11.5 66 5.6 1.5

- LCA 66 552 98 11.6 61 5.9 1.7

- RCA 27 231 105 11.2 78 4.9 1.2

Table 8.1: Overview of experimental results of the fully automatic segmentation algo-
rithm.

# Aver. Aver. % of Aver. #

N traces length diam. tree main b.

All images 121 1,440 108 13.6 75 8.4

- LCA 90 1,039 108 13.8 74 9.0

- RCA 31 401 106 13.1 78 6.6

Selected 93 1,078 105 13.6 83 9.3

- LCA 66 720 107 14.0 82 10.2

- RCA 27 358 102 12.9 85 6.9

Table 8.2: Overview of experimental results after manual correction of errors made by
the automatic segmentation algorithm.

branch points, or from tracing the full courses of all branches. As a result, the topology
of the tree found may be incorrect and incomplete.

Our experiments show that the operator had to edit the results in 75% of the cases in
order to arrive at a complete segmentation of the visual arterial branches. Despite this high
incidence of user interaction, the fully automatic algorithm performs well; on average
66% of the visible branches in good quality angiograms were automatically delineated,
with an average of only 1.5 erroneous traces per image. It must also be noted that the
set of images that we used was extremely diverse. Not only did it contain images in
which artificial background objects confused the algorithm, it also contained images with

One extra seed point Two extra seed points Three or more
% of # # % of # # % of # # time

N img’s corr. error img’s corr. error images corr. error (s)
All images 121 23 3.3 0.5 31 2.0 0.2 21 2.0 0.2 66

- LCA 90 36 3.6 0.6 28 2.9 0.1 18 2.3 0.2 66
- RCA 31 19 1.8 0.0 20 2.3 0.3 16 1.4 0.2 56

Selected 93 30 2.9 0.3 32 2.0 0.2 18 2.0 0.2 76
- LCA 66 33 3.3 0.5 35 1.9 0.1 20 2.2 0.2 78
- RCA 27 22 1.6 0.0 22 2.2 0.3 15 1.5 0.3 57

Table 8.3: Details of user interactions during the experiments.
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a projection angle that was far from optimal. The resulting vessel overlap and obscuring
makes it hard to discern the individual vessel segments, even for an experienced human
observer.

Comparing our results with those of alternative algorithms is hindered by the fact that
most authors only present qualitative results, in the form of a single example [Chaudhuri
et al. 1989; Frangi et al. 1999; Hoffmann et al. 1986; Kitamura et al. 1988; Nguyen and
Sklansky 1986; Steger 1998]. Quantitative results have been presented by Noordmans
and Smeulders [1998]; Sun [1989]; van der Zwet et al. [1990], but those methods focus
mainly on accuracy, and not on speed or the amount of user interaction, as we do.

8.2 Spatial interpolation: registration versus ILR

In Chapter 7, three different algorithms are proposed for interpolating between known
landmark positions:

• rigid transformation (Section 7.3.1);
• non-rigid thin-plate spline (TPS) transformation (Section 7.3.3); and
• Iterative Lower Rank estimation (Section 7.4.3).

The performance of these three methods are evaluate based on artificial data, consisting
of 500 different (simulated) motion matrices (see Section 7.4.3) with the following prop-
erties:

• The number of points (K) equals 10, and the number of time steps (N) is 25. This
corresponds to a normal coronary angiogram acquired at 12.5 frames per second for
about 2 cardiac cycles (60 beats per minute), and 10 landmarks on the myocardium.

• The motions of the set of points in horizontal and vertical directions, and their ro-
tations about the origin, was determined by three independent random AR(2) pro-
cesses with coefficients [1.0,−1.3,0.6] (these parameters are obtained from clini-
cal data). The standard deviation of the noise driving the processes was 10 for the
translations, and 1 for the rotation.

• Additive white noise is added to each coordinate with a variance equal to 10% of
the ‘amplitude’ of the global motion (that is, σ2 = 1). The error covariance matrices
supplied to the TPS algorithm were diagonal matrices with diagonal elements equal
to the actual variances of this additive noise.

• A variable number of points to be omitted were selected at random. The corre-
sponding values in the mask matrix W were set to zero, while the true coordinates
are stored as gold standard. The number of points being omitted was γ= 10% and
γ= 20%.

The rigid and the nonrigid transformation methods were applied on adjacent columns of
the motion matrix; as a result, both a forward and a backward variation exists, as well
as a combined approach (i.e. estimating landmark positions in image n based on n− 1
and/or based on n+1). An inconvenient side-effect is that not all points can be estimated
this way; for example, landmark point pk(n) cannot be estimated based on image n−1 if
landmark point lnk(n−1) itself is unavailable.
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8.2.1 Experimental results

The results of the simulations are presented in Table 8.4 and in Table 8.5. All experiments
were repeated five hundred times, and the average values are reported. All experiments
use the same realizations of the motion matrices. Since the ILR method will find estimates
of all missing points, the number of points estimated by ILR is not reported. Instead,
Table 8.5 shows the rank of the matrix CBT found. Also, a distinction is made between
those points that could also be found by the registration methods (denoted by ‘selected’),
and those that could only be found using ILR.

γ= 10% γ= 20%

λ f MSE t f MSE t

Rigid 98 5.55 59 96 16.7 74

- forward 85 7.74 79 28.2

- backward 85 7.47 79 22.2

TPS 0.0 98 13.3 147 96 171 180

- forward 0.0 85 18.4 79 364

- backward 0.0 85 18.9 79 230

TPS 0.5 98 7.32 147 96 162 180

- forward 0.5 85 10.2 79 352

- backward 0.5 85 10.1 79 218

Table 8.4: Results of simulations with the spatial registration methods ( f is the fraction
(in percent) of missing points that could be estimated, and t is the execution time in mil-
liseconds per matrix).

γ= 10% γ= 20%

L MSE t L MSE t

ILR

- all 4 3.23 1000 4 7.22 1300

- selected 4 3.25 1000 4 7.20 1300

Table 8.5: Results of simulations with the Iterative Lower Rank method (t is the execution
time in milliseconds per matrix).

8.2.2 Discussion

During the experiments, it was noted that the algorithms perform better with increasing
sizes of the matrices, as expected. With smaller matrices, such as the ones used in ob-
taining the results reported here, all three methods show distinct problems. In case of the
ILR method, severe problems are encountered in optimizing (in a least squares sense) the
elements of the B and C matrices. And with the registration type methods, the number
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of points that can be used to find the transform F̂ in Equation 7.2 turns out to be a crit-
ical determinant of the reliability of the results. In either case, increasing the fraction γ
of missing data in the matrix amplifies these effects tremendously. In some applications,
such as in tracking fiducials that are surgically attached to the epicardial wall [Muijtjens
et al. 1993], these problems may not be as eminent as in our case. In coronary angiograms,
there are in general no more than about a dozen points that can be tracked through time
with enough precision. Also, the frame rate and the length of the acquisition is kept to a
minimum so as to lower the X-ray exposure for both patient and performing physician.

It is shown by our simulations that the Iterative Lower Rank (ILR) technique has
superior performance compared to spatial registration methods such as thin-plate splines
(TPS). However, the method is unstable when a small number of points are tracked. A
simple rigid transformation is therefore to be preferred, as it outperforms ILR in stability,
and TPS in terms of accuracy. Improvement is expected from the TPS method (with λ > 0)
by specifying anisotropic error covariances of the control points xi. For, the position
perpendicular to a vessel is normally easier to obtain than the position along that vessel,
resulting in a smaller error covariance in one direction compared to the other [Schrijver
et al. 2000]. These conclusions do not apply to the application of TPS for the eventual
registration of the images (Section 7.3.3). For, at that time in the process, a large number
of control points have been found (landmark points as well as trace points), such that the
sensitivity of the TPS to small numbers of control points will not be apparent.

8.3 Image by image registration

Figure 8.3 shows some typical but preliminary results of the image registration process
outlined in Sections 7.3 and 7.4. It shows that the algorithm is able to delineate the arterial
tree in most of the images of the angiographic image sequence, and that all the arterial
trees found have the same topology as the original tree in image n0. Also, due to the
particular search strategy (Section 7.4.2), the algorithm is able to recover from errors: in
image 37 (the bottom left image in Figure 8.3), the algorithm is clearly confused by the
overlapping arteries. The bottom-right image (image 44) shows that the resulting errors
do not propagate to subsequent images.

Another result, based on the same image sequence, is given in Figure 8.4. This figure
shows rectangular grids that have been transformed by the TPS transformations as defined
in Section 7.3.3. For simplicity, we used an interpolating TPS, based on landmark points
only (hence, the trace points are not used). Despite the fact that we use an elaborate
method to correct for template mismatches, erroneous landmark positions are still causing
marked local deformations of the grid. This clearly shows the necessity to meticulously
handle landmark inaccuracies, as well as to use an approximating thin-plate spline instead
of an interpolating one.
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Figure 8.3: Examples of landmark positions and artery traces in a selected set of im-
ages of a single angiographic image sequence. The top left image shows the original
segmentation result (image n0 = 30), the other three images are numbers 33, 37, and 44,
respectively (Necg = 12).
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Figure 8.4: Examples of the (interpolating) thin-plate spline transformations that register
these images to image n0 (see also Figure 8.3). The top left image is image 28, the other
three images are numbers 33, 37, and 44, respectively.



Chapter 9
CONCLUSION

9.1 Conclusions

By comparing the daily clinical practice methods of assessing coronary stenoses with
common knowledge on the morphology and mechanics of these stenoses, we conclude
that the introduction of quantitative analysis of physiological stenosis severity in daily
clinical routine could contribute to an improved health care. The assessment of physi-
ological stenosis severity enables the selection of the best treatment option(s) based on
quantitative data, such that deferring treatment of non-culprit stenoses reduces the risks
and costs. The selection of a suitable measure of stenosis severity, however, proves to be
dependent on several factors, including the clinical application of diagnosing and treating
this disease. If we focus on the assessment of the contributions of individual coronary
stenoses to the diminished myocardial perfusion, a hemodynamic stenosis severity mea-
sure is most appropriate. Within this group of hemodynamic stenosis severity measures,
the coronary flow reserve methods provide efficient and practical ways to quantify the
physiological severity of individual stenoses, which can be tailored to the clinical appli-
cation. In order to provide more insight into the mechanisms influencing the coronary
flow reserve, a modelling technique from electrical circuit analysis is used to describe the
decreased perfusion pressure distal to a stenosis. By extending this technique to a more
complex electrical equivalent of myocardial perfusion, we conclude that none of the flow
reserve measures provides the definite solution to the quantification of coronary stenosis
severity. Instead, it is proposed to use multiple severity measures simultaneously, so as to
capture the full impact of a stenosis on coronary blood flow under varying physiological
conditions.

Since the flow reserve methods are based on the measurement of coronary blood flow
and local myocardial perfusion, an imaging modality is required that is capable of measur-
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ing blood flow in the small and rapidly moving coronary arteries. Our review of cardiac
imaging modalities shows that most of the non-intravascular modalities suffer from a low
spatial resolution, rendering them unsuited to visualize the small branches of the coronary
arterial tree. Although the spatial resolution of MRI and CT can be improved by appro-
priate modifications of the acquisition protocol, at the same time the temporal resolution
and/or the field of view is decreased. Hence, they are still incapable of capturing the fast
motions of small cardiac structures, like the coronary arteries. Intravascular methods, on
the other hand, generally combine high temporal and spatial resolutions. However, due
to their very small field of view, they require a meticulous selection of the imaging sites,
thereby increasing the risk of remaining oblivious of phenomena in neighboring areas. In
this respect, X-ray angiography offers very beneficial properties, like high temporal and
spatial resolutions, and a large field of view.

We therefore chose to base the hemodynamic stenosis severity measurements on rou-
tinely acquired angiographic image sequences. This choice yields a number of advan-
tages, including the possibility of retrospective analysis of images from patient databases,
and the intra-operative retrieval of quantitative data. Also, several stenosis severity mea-
sures (i.e. variations to the coronary flow reserve) can be calculated from the same set of
angiographic image sequences, such that using a combination of measures will not pro-
long the imaging procedure. Its primary advantage, however, is that angiographic imaging
is the standard procedure in managing coronary artery disease. So, by selecting an angio-
graphic approach, the quantitative assessment of stenosis severity does not require the
physician to master a completely new technique like MRI or ultrasound, which would
certainly impair its acceptance and widespread application.

The practical implementation of coronary flow measurements based on angiographic
image sequences uses densitometry to measure contrast densities in designated locations
in the images. The accuracy of this technique depends on many factors, which have been
analyzed in detail. Some of the sources of errors, like geometrical distortions and beam
hardening, have only a small effect on the flow measurements, and can therefore be ig-
nored. The sources of errors that have the largest impact on the flow measurements are
scatter, the unknown (linear) factor between X-ray intensity and pixel value, and back-
ground fluctuations (which is related to motion). In a clinical setting, elaborate scatter
correction and contrast calibration procedures are unacceptable. Consequently, densito-
metric flow measurements requiring absolute density measurements are not applicable for
our purpose.

Focussing on flow measurement methods that do not need scatter correction or con-
trast calibration, it can be concluded that motion artifacts and background opacification
are the dominant sources of errors. Due to the special anatomy of the coronary circula-
tion (in which the epicardial arteries and veins are located adjacent to each other), these
vessels will almost always overlap in the images, irrespective the projection angle. Also,
the motions of the structures require elaborate repositioning of the measurement sites in
the image sequences. By analyzing the characteristics of the time-density curves, we con-
clude that the traditional approach of cardiac gated image acquisition followed by curve
fitting, is prone to errors. If the shape of the curve is modified secondary to the patholog-
ical condition, the curve fitting process will discard important clinical information con-
tained in the original curve. Our approach is therefore to improve the temporal resolution
of the time-density curves by taking multiple samples during each cardiac cycle, instead
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of fitting a predefined curve to the sparse sample points.
In order to sample the time-density curve at multiple phases during the cardiac cycle,

motion correction is essential to ensure that all samples are taken at the same anatomi-
cal site. Standard image registration techniques fail in this respect, as they do not select
anatomical landmarks that are representative of the cardiac motion. The elastic registra-
tion algorithm proposed in this thesis uses the coronary arteries as landmarks, yielding
better registration results over the myocardial area of the images. Instead of operating as
a black box, the results of important steps throughout the algorithm are visualized, giving
the physician the opportunity to review the accuracy and to correct for errors where nec-
essary. This increases the transparency of the algorithm, allowing the physician to assess
the value of the eventual outcome (in terms of accuracy).

To test the automated segmentation algorithm that is used to select anatomical land-
marks, experiments are conducted with 121 randomly selected images from clinical an-
giocardiographic image sequences (27 patients, 90 left- and 31 right coronary arteries).
Despite the high number of images that needed some user interaction to get satisfactory
results (75%), the algorithm performs well; on average less than 2 mouse clicks are re-
quired to increase the number of correctly delineated arterial branches from 55% to 75%
of the visible branches (and another 1.5 mouse clicks to remove erroneous traces). By
eliminating poor quality images with too little contrast, non-optimal viewing angle (caus-
ing overlap), pronounced background objects (metallic stitches, balloon catheters, stents,
etc.), the results improve from 66% (fully automatic) to 83% of all visible branches, with
an average of 3 mouse clicks (1.5 to remove erroneous traces, and another 1.5 to add new
seed points).

By using the motion correction algorithm, the time resolution of the time-density
curve obtained with an arterial or myocardial ROI equals the image acquisition rate (typ-
ically more than 10 samples per cardiac cycle). This increase in temporal resolution
(compared to the traditional cardiac gating method) has been obtained without raising
the noise level caused by motion artifacts. Consequently, the relevant flow-related pa-
rameters can be extracted from these time-density curves without requiring curve fitting.
This has the additional benefit of not using a model of the system, such that model un-
certainties do not influence the eventual outcome. However, motion correction does not
solve all the problems associated with the densitometric assessment of coronary blood
flow. The time-density curve is not corrected for scatter and veiling glare, nor does it
allow absolute contrast density measurements. Also, the overall shape of the curve is still
subject to many of the confounding factors like recirculation and non-steady flow. It can
therefore be concluded that flow measurement method should be employed that do not
need absolute density data, and that rely only on the initial (most accurate) part of the
time-density curves. The methods that are eligible based on these requirements are the ar-
rival time methods (and its variations like mean transit time after curve thresholding and
the contrast propagation method), and the mass balance method. In all these methods,
the determination of the volume of distribution is one of the biggest contributors to their
inaccuracies.

The main contribution of this research is the development of an automated system to
quantitatively assess the severity of individual coronary stenoses. The proposed system is
characterized by the fact that it does not require a different clinical procedure than what
is used in current daily routine, and that it yields a number of different stenosis severity
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measures simultaneously. Due to the use of an automated motion correction algorithm,
it is no longer required to assume a certain flow model, which increases the sensitivity
of the method to perfusion heterogeneity. This is an important advantage in view of
the unavoidable overlap of perfusion areas in the images. By ensuring a high degree
of automation, combined with transparency of intermediate result to the physician, this
system improves on some of the aspects that frustrated the introduction of similar systems
in the past.

9.2 Discussion and suggestions for future research

Although our method aims at using image data that is acquired during a routine clini-
cal procedure, there are unfortunately still some (additional) requirements on that data.
This concerns in particular the angiographic image quality, and the projection angles used
(minimizing overlap and obscuring). But since cardiologists will always try to select such
a projection angle, this does not put a large burden on the physician. Despite their best
efforts, however, some residual overlap and/or obscuring is unavoidable. For, the limited
range of projection angles offered by a standard C-arm gantry system (to prevent colli-
sion) may prohibit an optimal viewing angle. Also, an optimal viewing angle in terms of
overlap may exhibit much obscuring by (bony) background structures. As a result, the ac-
curacy of the densitometric coronary blood flow measurements from a clinical setting will
be lower than what can be expected from animal preparations. Clinical validation studies
are therefore needed to demonstrate the fitness of angiographic measurement techniques
in a clinical setting.

Another requirement on the clinical procedure concerns the timing of the acquisi-
tion(s). For flow reserve measurements, two consecutive image acquisitions are made,
one at rest and one during hyperemia (maximum coronary blood flow). These sequences
should be acquired in close succession to prevent inadvertent (neurohumoral) changes of
heart rate, blood pressure, etc. The hyperemic flow measurements normally follow the
injection of a bolus of a vasodilative drug. But the response of the resistance vessels to
such a drug is only of a transient nature. So, the actual flow measurement should be timed
correctly relative to the injection of the vasodilator. Also, the time between a hyperemic
measurement and a subsequent basal measurement should be long enough to allow blood
flow to return to its resting level. There are some more issues that need consideration, like
the timing and speed of the contrast injection; in most cases, however, physicians will
conform to those requirements based on their clinical experience and daily routine.

Although the densitometric blood flow measurement method as presented in this the-
sis is well equipped to assess the hemodynamic severity of existing stenoses, it is not
applicable to the assessment of the immediate outcome of an intervention. This is caused
by the fact that blood flow may not return to its normal level directly after revasculariza-
tion. Furthermore, the blood flow through a stenoses is not a predictor of the probability of
restenosis after intervention, although there are indications that flow-related shear stress
at the vascular walls is somehow related to the occurrence of restenosis. Consequently,
it might be useful to develop methods to measure intravascular flow profiles, so as to de-
tect turbulence and shear stress distributions that have been related to the development of
atherosclerosis and restenosis.
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Unfortunately, we have not been able to present results of (clinical) validation studies
of the overall motion correction algorithm we developed. As a result, it is still unclear to
what extent the reduction of motion artifacts, and the improved temporal resolution of the
time-density curves, improves the accuracy of the coronary blood flow measurements. Its
evaluation should focus on two aspects. First, the accuracy of the motion correction itself
has to be assessed. Our assumption that the motions of the epicardial coronary arteries are
representative of the (three dimensional) myocardial motions needs special attention. The
second aspect concerns the evaluation of the impact of motion artifacts on coronary blood
flow measurements. We postulated that high-speed sampling of time-density curves (after
motion correction) would improve the accuracy of the flow measurements, compared to
using low-speed sampling (cardiac gating) combined with curve fitting. However, the
total impact of the temporal resolution and of modelling uncertainties on the eventual
outcome have not yet been assessed.

As argued before, the number of special requirements on the (clinical) procedure
greatly influences the acceptance of a technique by clinicians. This was one of the motiva-
tions to focus on the angiographic approach to coronary blood flow measurements in the
first place. In that respect, the angiographic assessment of coronary stenosis severity has
some major advantages over using any other imaging modality for that purpose. However,
the motion correction algorithm as presented in this thesis tends to complicate the image
analysis procedure to a level at which (conservative) clinicians may find it too cumber-
some for routine clinical practice. In part, this is caused by the fact that the algorithm
aims at correcting the complete angiographic image sequence for cardiac motions, which
is more than what is strictly required. Motion correction over such a long time span re-
quires a relatively large amount of processing and user interventions to correct for errors.
In order to allow wide spread acceptance of the method, it may be required to simplify
the procedure by restricting the motion correction to a specific part of the time-density
curve. This way, the problems with tracking landmark points over a long period of time
(multiple heart beats) are avoided, resulting in fewer errors that need user intervention.

The motion correction algorithm developed in this thesis is not applicable to register-
ing the pre-contrast mask image to the ‘contrast’ image in digital subtraction angiography.
For, the algorithm uses the epicardial coronary arteries as natural landmark points, which
are not visible in the pre-contrast mask image. However, it may prove useful to apply
a simplified version of our method to register two (DSA) images of different image se-
quences, for example one sequence acquired during basal conditions, and the other during
(maximum) hyperemic conditions. This was, parametric imaging (e.g. of parameters re-
lated to flow reserve) can be parted with motion artifacts.

Since the clinical application of a method should be as easy as possible, the parametric
imaging techniques are appealing. Although they do, in general, not provide quantitative
results, they do have some distinct advantages. Their main advantage is the fact that the
confounding effects of overlap, obscuring, etc. are easily detected by the human observer;
in the non-parametric imaging methods, the result of the measurement is just a number,
preventing the recognition of confounding artifacts. Also, in parametric images, pos-
sible myocardial perfusion deficits are visualized, allowing the detection of completely
obstructed coronary branches invisible in normal coronary angiograms. By simplifying
the clinical application of these parametric imaging methods (e.g. by automatically reg-
istering the two cardiac-gated image sequences), the assessment of coronary stenoses



180 CHAPTER 9. CONCLUSION

by angiography may finally exceed the level of visual inspection of stenosis geometry.
Although not all patients may need such an enhanced analysis of their angiograms, we
believe that it can eventually lead to better patient care.



Appendix A
MEDICAL TERMINOLOGY

This appendix lists some of the medical-related terminology with simple descriptions,
targeting engineers or other researchers without a medical background. This list is by
far not complete, nor has an attempt been made to provide fully accurate and complete
descriptions. It can help, however, better understand the current text.

Sources: Merriam-Webster’s Collegiate Dictionary (10th edition, 2000), and Dorland’s Illustrated
Medical Dictionary, 29th edition, 2000.

Anemia A reduction below normal in the concentration of red blood cells or hemoglobin in the
blood.

Anesthesia 1) Loss of sensation, usually by damage of a nerve or receptor; numbness. 2) Loss of
the ability to feel pain, caused by administration of a drug or by other medical intervention (an
anesthetic)

Angina Any spasmodic, chocking pain.
a. pectoris chest pain, often radiating to the arms, particularly the left, sometimes accompanied
by a feeling of suffocation and impending death.
stable a. pectoris Angina pectoris occurring in attacks of predictable frequency and duration
after provocation by circumstances that increase myocardial oxygen demand.
unstable a. pectoris Angina pectoris occurring unpredictably, or suddenly increasing in severity
or frequency.

Angiogenesis The formation and differentiation of blood vessels.

Angiogram The image or image sequence resulting from angiography.

Angiography The visualization of the cardiovascular system by X-rays after injection of a contrast
agent.
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Angioplasty, balloon a. Dilatation of an obstructed artery by the passage of a balloon catheter
through the vessel to the area of the disease where inflation of the balloon compresses the plaque
and distends the vessel wall.

Anterior Situated before or toward the front.

Aortic root The first segment of the aorta, where it connects to the heart (to the left ventricle).

Apex The narrowed or pointed end.

Arrhythmia Any variation from the normal rhythm of the heartbeat; it may be an abnormality of
either the rate, regularity, or site of impulse origin or the sequence of activation.

Arterial spasm Arteriospasm, spasm of an artery

Arteriography The visualization of the blood vessels by X-rays after injection of a contrast agent.

Arteriole (Arteriola) A minute arterial branch, especially one just proximal to a capillary.

Arteriolosclerosis Sclerosis and thickening of the walls of the smaller arteries (arterioles).

Arterioplasty Surgical repair or reconstruction of an artery.

Arteriosclerosis Any of a group of diseases characterized by thickening and loss of elasticity of
arterial walls.

Atherectomy The removal of atherosclerotic plaque from an artery using a rotary cutter inside a
special catheter guided radiographically.

Atheroma (Atherosis) A mass of plaque of degenerated, thickened arterial intima occurring in
atherosclerosis.

Atherosclerosis A common form of arteriosclerosis in which deposits of yellowish plaques
(atheromas) containing cholesterol, lipoid material, and lipophages are formed within the intima
and inner media of large and medium-sized arteries.

Atrium, cardiac a. A cavity of the heart that receives blood from the veins and forces it into the
ventricle.

Capillary Any of the minute vessels that connect the arterioles and venules, forming a network in
nearly all parts of the body.

Cardiomyopathy A general diagnostic term designating primary noninflammatory disease of the
heart muscle.

Cardiovascular system The heart and the blood vessels.

Caudal 1) Of, related to, or being a tail; 2) Situated in or directed toward the hind part of the body.

Chronotropic Affecting the time or rate, as the rate of contraction of the heart.

Coagulation, blood- The formation of an insoluble fibrin clot in the blood.

Collateral A small side branch, as of blood vessel or nerve.

Congenital Existing at, and usually before, birth. Referring to conditions that are present at birth,
regardless of their causation.

Congestion Excessive or abnormal accumulation of fluid, as of blood in a part.

Congestive Heart Failure (CFH) A clinical syndrome due to heart disease, characterized by
breathlessness and abnormal sodium and water retention, often resulting in edema.

Contrast agent A special substance administered to visualize the cardiovascular system in an-
giography.

Coronal Of, or related to the frontal plane that passes through the long axis of the body (i.e.
frontal).

Coronary Artery Disease (CAD) Atherosclerosis of the coronary arteries, which may cause
angina pectoris, myocardial infarction, and sudden death.



MEDICAL TERMINOLOGY 183

Coronary sinus A venous channel that receives the blood from the cardiac muscle, and empties
into to right cardiac atrium.

Coronary vein, great A large vein that drains the cardiac muscle and empties into the coronary
sinus.

Cranial Of, or relating to the skull or cranium.

Diastole The dilatation, or period of dilatation, of the heart, especially of the ventricles.

Dissection The separation into pieces, exposing the several parts for scientific examination.

Distal Situated away from the point of attachment or origin or a central point.

Ectopic Located away from normal position, or arising in an abnormal site or tissue.

Edema An abnormal infiltration and excess accumulation of fluid in tissue or in a cavity.

Embolism The sudden blocking of an artery by a clot or foreign material which has been brought
to its site of lodgement by the blood current.

Endarterectomy Excision of the thickened, atheromatous tunica intima of an artery.

Endocardium The endothelial lining membrane of the cavities of the heart and the connective
tissue bed on which it lies. This subendothelial connective tissue contains varying amounts of
elastic and collagen fibers and smooth muscle cells.

Endothelium The layer of epithelial cells that lines the cavities of the heart and the lumina of
blood vessels.

Epicardial The part of the pericardium that connects to the heart.

Epithelium The covering of internal and external surfaces of the body, including the lining of
vessels and other small cavities.

Extracellular Situated or occurring outside a cell or the cells of the body.

Extravascular Not occurring or contained in body vessels.

Fibrous Containing, consisting of, or resembling fibres.

Groove A long narrow channel or depression.

atrioventricular g. Groove between the atria and ventricles of the heart.

interventricular g. Groove between the left- and right ventricles of the heart.

Heart Disease Any organic, mechanical, or functional abnormality of the heart, its structures, or
the coronary arteries.
ischemic h. (IHD) (Coronary heart disease, CHD) Any of a group of acute or chronic cardiac
disabilities resulting from insufficient supply of oxygenated blood to the heart.

Hematocrit The ratio of the volume of packed red blood cells to the volume of whole blood.

Hemodiagnosis Diagnosis by examination of the blood.

Hemodynamic Relating to or functioning in the mechanics of blood circulation.

Histology A branch of anatomy that deals with the minute structure of animal and plant tissues as
discernable with the microscope.

Humoral Of, relating to, proceeding from, or involving a body humor (as a hormone).

Hyper- Above, beyond, excessive.

Hyperemia Excess of blood in a body part.

reactive h. An excess of blood in a part following restoration of its temporarily arrested flow.

Hypertension Abnormally high blood pressure

Hypertrophy The enlargement or overgrowth of an organ or part due to an increase in size of its
constituent cells.
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ventricular h. Hypertrophy of the myocardium of a ventricle, due to chronic pressure overload.

Hypo- Under beneath, down, less than normal.

Hypokinesia Abnormally decreased motor function or activity.

Hypoperfusion Decreased blood flow through an organ.

Hypoxia A deficiency of oxygen reaching the tissues of the body.

Inferior Situated lower than.

Inotropic Relating to or influencing the force of muscular contractions.

In situ In the natural or original position or place.

Inter- Between, among, in the midst.

Interstitial Situated within but not restricted to or characteristic of a particular organ or tissue.

Intra- Within, during.

Intra-operative During a clinical procedure.

Intravascular Situated in, occurring in, or administered by entry into a blood vessel.

In vitro Outside the living body and in an artificial environment (lit., in glass).

In vivo In the living body of a plant or animal (lit., in the living).

Ischemia Deficiency of blood in a part, usually due to functional constriction or actual obstruction
of a blood vessel.

Lateral 1) Of, or related to the side. 2) Situated on, directed toward, or coming from the side. 3)
Extending from side to side.

Lesion 1) Injury, harm. 2) An abnormal change in structure of an organ or part due to injury or
disease.

Ligand A group, ion, or molecule coordinated to a central atom or molecule in a complex (see
receptor).

Lumen, vascular The bore of a tube, of a blood vessel.

Myocardium The middle muscular layer of the heart wall.
hibernating m. Myocardium that is temporary asleep and can wake up to function normally
when the blood supply is fully restored.

stunned m. Myocardium with reduced contraction but normal or increased coronary blood flow.

Myocyte A cell of the muscular tissue.

Necrosis To make dead, usually localized death of living tissue.

Neurohumor (Neurohormone) A hormone produced by or acting on nervous tissue.

Occlusion The state of being occluded; an obstruction.

Orifice An opening through which something may pass.

Osmolality (Osmolarity) The concentration of an osmotic solution (see osmosis).

Osmosis Movement of a solvent through a semipermeable membrane into a solution of higher
solute concentration that tends to equalize the concentrations of solute on the two sides of the
membrane.

Ostium A mouthlike opening in a bodily organ.

Patency The condition of being wide open.

Patent 1) Open, unobstructed, or not closed. 2) Apparent, evident.

Patho- A combining form denoting relationship to disease.
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Pathology 1) That branch of medicine which treats of the essential nature of disease, especially of
the structural and functional changes in tissues and organs of the body that cause or are caused
by disease. 2) The structural and functional manifestation of disease.

Pathophysiology The physiology of disordered function.

Percutaneous Effected or performed through the skin.

Perfuse To force a fluid through, especially blood through a tissue or organ by way of the blood
vessels.

Peri- All around, about, enclosing.

Pericardium The sac of serous membrane that encloses the heart and the roots of the great blood
vessels.

Plaque Any patch or flat area
fibrous p. (Atheromatous p.) The lesion of atherosclerosis, a white to yellow area within an
artery that causes the intimal surface to bulge into the lumen.

Post- Following after, subsequent, later than.

Posterior Situated behind.

Postmortem Done, occurring, or collected after death.

Preload, ventricular The mechanical state of the heart at the end of diastole, the magnitude of
the maximal ventricular volume or the end-diastolic pressure stretching the ventricles.

Proximal Next to or nearest the point of attachment or origin, a central point, or the point of view.

Radiopharmaceutical A radioactive drug used for diagnostic or therapeutic purposes.

Receptor A chemical group or molecule (as a protein) on the cell surface or in the cell interior that
has an affinity for a specific chemical group, molecule, or virus (the ligand).

Regurgitation Flow in the opposite direction from normal, as the backward flowing of blood into
the heart.

Resistance vessels The distal arteries, arterioles, capillary, venules, and veins, that define the
resistance of a perfusion bed to blood flow.

Retrograde Backward, reversely, contrary to the normal order or direction.

Retrospective Based on memory, or affecting things past.

Revascularization A surgical procedure for the provision of a new, additional, or augmented
blood supply to a body part or organ.

Sagital Of, relating to, situated in, or being the median plane of the body or nay plane parallel
thereto.

Saphenous vein (vena saphena magna) The longest vein of the human body, on the inside of
the leg (superficially), from the foot up to the groin, and emptying in the common femoral vein.
Frequently used for transplantation purposes.

Scintigraphy The production of two-dimensional images of the distribution of radioactivity in tis-
sues after the internal administration of radionuclide, the images being obtained by a scintillation
camera.

Sclerosis Pathological hardening of tissue, especially from overgrowth of fibrous tissue or in-
crease in interstitial tissue.

Septum, interventricular A dividing wall or membrane, especially between bodily spaces or
masses of soft tissue.
interventricular s. Wall between the left and right ventricles of the heart.

Stenosis A narrowing or constriction of the diameter of a bodily passage or orifice.



186 APPENDIX A. MEDICAL TERMINOLOGY

Stent A slender rod-like or threadlike device used to provide support for tubular structures that are
being anastomosed, or to induce or maintain patency

Subendocardial Beneath the endocardium.

Subepicardial Situated below the epicardium.

Superior Situated higher, upper.

Systole (systolic) The contraction of the heart by which the blood is forced onward.

Thrombus A clot of blood formed within a blood vessel and remaining attached to its place of
origin (compare to embolus).

Tone The normal degree of vigor and tension; in muscle, the resistance to passive elongation or
stretch; tonus.

Trans- On or to the other side: across, beyond. Through.

Transluminal Through the lumen of a vessel.

Transmural Through the wall of an organ; extending through or affecting the entire thickness of
the wall of an organ or cavity.

Transverse Acting, lying, or being across.

Ulcer A local defect, or excavation, of the surface of an organ or tissue, which is produced by the
sloughing of inflammatory necrotic tissue.

Ulcer A break in skin or membrane with loss of surface tissue, disintegration of epithelial tissue,
and often pus.

Valve A structure that closes temporarily a passage or orifice or permits movement of fluid in one
direction only.
aortic v. Valve at the ostium of the aorta.

atrioventricular v. Valve preventing regurgitation of blood from the ventricle into the atrium.

Vasoconstriction Narrowing of the lumen of blood vessels, especially as a result of vasomotor
action.

Vasodilation Widening of the lumen of blood vessels.

Vasomotor Of, relating to, or being nerves or centers controlling the size of blood vessels.

Vasospasm Sharp and often persistent contraction of a blood vessel reducing its caliber and blood
flow.

Ventricle A chamber of the heart which receives blood from the corresponding atrium and from
which blood is forced into the arteries.

Ventriculography Angiography of the ventricle.

Venule Venous capillary (see capillary).

Viability Ability to live after birth.



Appendix B
THE PRESSURE GRADIENT

METHOD TO FRACTIONAL FLOW
RESERVE

This appendix describes the pressure gradient method to determining the Fractional Flow
Reserve, as introduced by Pijls et al. [1993] (see Section 2.4.3). Since the determination
of myocardial and coronary Fractional Flow Reserves are slightly different, they are dis-
cussed in separate sections. A third section (Section B.3) compares these pressure derived
methods with the Relative Coronary Flow Reserve of Section 2.4.2.

B.1 Pressure gradient method for myocardial FFR

The pressure gradient method is based on the observation that, during maximum arteriolar

vasodilation, the resistance of the perfusion bed R(h)
myo is constant (represented by the

straight hyperemic line in Figure 2.2). So, the (theoretical) maximum blood flow F(h∗)
in the absence of a stenoses can be estimated by assuming that the perfusion pressure Pd

would be equal to the aortic pressure Pa (see Figure 2.8(a)):

F(h∗) =
Pa −Pv

R(h)
myo

(B.1)

The myocardial resistance R(h)
myo (during maximal arteriolar vasodilation) can be deter-

mined by measuring the myocardial blood flow F(h) and the driving pressure that causes
it:

R(h)
myo =

Pd −Pv

F(h) (B.2)
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And hence, the fractional flow reserve (FFR) of the myocardium can be calculated by
combining Equations 2.11 with Equations B.1 and B.2 [Pijls et al. 1993]:

FFRmyo =
F(h)

F(h∗) =
Pd −Pv

Pa −Pv
(B.3)

In this expression, the flows F(h) and F(h∗) are the myocardial blood flows, and hence, the
fractional flow reserve thus calculated represents the myocardial fractional flow reserve,
FFRmyo.

B.2 Pressure gradient method for coronary FFR

The coronary Fractional Flow Reserve (Equation 2.13) can be expressed as:

FFRcor =
F(h)

s

F(h∗)
s

=
F(h)

myo −F(h)
coll

F(h∗)
s

(B.4)

as collateral flow is zero in the theoretical non-stenotic situation (R(∗)
s

def= 0 ⇒ F(h∗)
coll = 0,

see Figure 2.8(a)). The three flows F(h)
myo, F(h)

coll and F(h∗)
s can all be expressed as ∆P/R,

yielding:

FFRcor =
(Pd −Pv)/R(h)

myo − (Pa −Pd)/Rcoll

(Pa −Pv)/R(h)
myo

=
(Pd −Pv)− R

(h)
myo

Rcoll
(Pa −Pd)

Pa −Pv
(B.5)

The ratio of R(h)
myo and Rcoll is subsequently calculated by measuring the so-called wedge

pressure Pw (see Figure 2.8(b)). By inflating a balloon catheter inside the stenosis, the
system transforms into a cascade of two resistors (in series), with pressure drops of (Pa −
Pw) and (Pw −Pv), respectively. So, the ratio of resistances equals:

R(h)
myo

Rcoll
=

(Pw −Pv)
(Pa −Pw)

(B.6)

Substituting this result into Equation B.5 yields [Pijls and de Bruyne 1998; Pijls et al.
1993]:

FFRcor =
(Pd −Pv)(Pa −Pw)− (Pa −Pd)(Pw −Pv)

(Pa −Pv)(Pa −Pw)
=

Pd −Pw

Pa −Pw
(B.7)

B.3 Comparing the FFR with the RCFR

When examining the concepts of fractional flow reserve and relative coronary flow re-
serve, they appear to be very different, but they also show some useful similarities. We
will show this similarity by calculating an estimate of the theoretical maximum blood
flow F(∗) in the absence of the epicardial stenosis, based on the flow reserve of another
(healthy) epicardial artery.
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Where the pressure gradient method as described in section 2.4.3 assumes a linear re-
lationship between perfusion pressure and myocardial blood flow to get an estimate of the

theoretical maximum blood flow F(h∗)
myo,1, let’s assume here that there is another - healthy -

epicardial vessel with a corresponding myocardial perfusion bed. Since myocardial blood
flow is approximately proportional to the size of the perfusion bed (both during basal and
hyperemic conditions) [Seiler et al. 1992], we have:

F(h∗)
myo,1

Vmyo,1
=

F(h)
myo,2

Vmyo,2
and

F(0)
myo,1

Vmyo,1
=

F(0)
myo,2

Vmyo,2
(B.8)

since F(0∗) ≈F(0) due to the limited influence of the stenosis on resting flow. The volumes
of the perfusion beds of the stenotic and the reference artery are denoted by Vmyo,1 and
Vmyo,1, respectively (see Figure 2.7(a)). Combining these two relations leads to:

F(h∗)
myo,1 = F(h)

myo,2 ·
Vmyo,1

Vmyo,2
= F(h)

myo,2 ·
F(0)

myo,1

F(0)
myo,2

= CFR2 ·F(0)
myo,1 (B.9)

Assuming that there is no collateral circulation, this result can be substituted into the
definition of the myocardial fractional flow reserve (FFRmyo, see Equation 2.12) to yield:

FFRmyo =
F(h)

myo,1

F(h∗)
myo,1

=
F(h)

myo,1

CFR2 ·F(0)
myo,1

=
CFR1

CFR2
= RCFR (B.10)

We can conclude that the FFR and the RCFR yield the same result, provided that the
selected reference artery is representative of the theoretical maximum blood flow in the
stenosed artery, and that no collateral circulation exists. This equivalence was used in
Section 2.4.2 to estimate the RCFR threshold to distinguish clinically significant stenoses
from nonsignificant ones, based on the known threshold for the FFR.





Appendix C
ADDITIONAL TOPICS OF TRACER

KINETIC THEORY IN PHYSIOLOGY

This appendix provides some additional information on the application of the tracer ki-
netic theory of Chapter 3 in medical physiology, and in particular in determining (coro-
nary) blood flows.

C.1 Partition coefficients

Since the volume of distribution is such an intangible quantity, it is convenient to express
the volume of distribution in terms of the total mass of tissue (or organ for that matter).
This technique was introduced by Kety and Schmidt [1948], who defined a special quan-
tity for this purpose, called the partition coefficient λ:

λ =
c′tissue(∞)
cblood(∞)

(C.1)

In this expression, the concentration c′tissue(∞) is the indicator steady state concentration
of indicator in the tissue. Since this tissue concentration is expressed in amount of indica-
tor per gram of tissue (i.e. in [mg/g]), the units of the partition coefficient is milliliter per
gram [ml/g]. The different definition of the tissue concentration (in [mg/g]) compared to
the fluidic concentration (in [mg/ml]) is indicated by the prime in c′tissue.

Let’s assume that the total mass of tissue is W grams, including the blood contained
in its microcirculation under normal hemodynamic conditions. In inhomogeneous tissues
like brain tissue, this total mass W can be divided into a set of more specific tissue types
(such as white and grey matter), each having a mass Wi, such that by definition:

W = ∑
i

Wi (C.2)
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If the individual portions of tissues Wi do not contain the blood, this blood will be con-
sidered another type of tissue, and hence have its own mass Wi in order to satisfy Equa-
tion C.2 (note that W explicitly includes the blood). With systemic blood as the reference
fluid, the partition coefficient of this ‘blood compartment’ will be approximately 1 (one)
[ml/g] (see Appendix C.6 why it is not always exactly equal to one). Similarly, the parti-
tion coefficient of a vascular indicator in a tissue not including the blood, is zero.

Each of the different compartments Wi will contain, at indicator steady state, a certain
amount of indicator, denoted by mi:

mi(∞) = Wi[c′tissue(∞)]i (C.3)

with the definition of the indicator concentration in tissue i equal to the one used in Equa-
tion C.1. The total amount of indicator residing inside the system at indicator steady state
is simply the sum of these amounts mi:

m(∞) = ∑
i

mi(∞) = ∑
i

Wi [c′tissue(∞)]i = W λ̄ (C.4)

with λ̄ the weighted average partition coefficient:

λ̄ = ∑
i

(
λi

Wi

W

)
(C.5)

and λi the partition coefficient for tissue i. But Equation 3.4 gives another expression
for the total amount of indicator that resides inside the system at indicator steady state:
m(∞) = m0 = Vscblood (using systemic blood as the reference fluid). Combining these two
expressions (Equations C.4 and 3.4) reveals that the average partition coefficient λ̄ equals
the volume of distribution per unit amount of tissue:

λ̄ =
c′tissue(∞)
cblood(∞)

=
Vs

W
(C.6)

(compare to Equation C.1).
The partition coefficient has a nice interpretation in relation to an inert gas (as used

in physiological applications). As these gasses are freely diffusible, the gas tension is
constant throughout the system during indicator steady state. It follows that the partition
coefficient equals the ratio of solubilities of that gas in tissue, and in blood, respectively,
which is constant, independent of physiological state of the tissue, of the patient, of the
indicator concentrations, etc. Hence, its value can be predetermined for each indica-
tor/tissue combination, and Equation C.6 provides a convenient way to transform a mean
transit time (i.e. a flow per volume of distribution) into the flow per gram of tissue. This
concept is used in Section 3.4.2, where the experiments by Kety and Schmidt [1948] are
described.

C.2 Non-convective flux: extraction and clearance

Normally, a flux of indicator is associated with a physical flow of carrier fluid (F), as
expressed in Equation 3.1. However, in some cases, there is a flux that is not associated to
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a fluidic flow, commonly denoted as a non-convective flux φs. Examples are the destruc-
tion or the production of substance due to e.g. (metabolic) processes, diffusion through
a semi-permeable membrane, and the excretion of metabolic waste products through the
kidneys.

Related to the non-convective flux φs, there are two concepts that are commonly used
to get a more intuitive idea of the amounts of substances involved: the extraction and
the clearance. The extraction E is defined as the fraction of the total indicator influx that
does not leave through (one of the) convective output(s) during indicator steady state.
Assuming a SISO system, the extraction can thus be written as:

E =
φs

Fcin
(C.7)

Similarly, one can define the transmission (or throughput) T as T = 1−E, representing
the fraction of the influx that is transmitted to the output.

The second useful concept is the clearance Cl, defined as the (theoretical) flow of some
reference fluid (in [ml/s]) that would result in the same non-convective flux φs:

φs = Clcref ⇒ Cl =
φs

cref
(C.8)

In words, the clearance is that part of the input flow that is completely cleared of all indi-
cator substance, assuming that the rest of the inflow (F(1−E) = FT ) remains untouched.
Normally, the reference fluid is chosen to be the input fluid (cref = cin) which allows a
useful combination with the extraction E:

Cl = EF (C.9)

The importance of this result is that in some cases the extraction can be calculated quite
easily (e.g. the exhalation of CO2 through the lungs), and that the clearance (or more pre-
cisely, the transmission T ) can be determined by measuring in- and output concentrations.
This enables the calculation of the flow F , and is basically another way of defining Fick’s
Principle (section 3.2.2).

C.3 Microspheres as an indicator

Microspheres are a special type of indicator. Since these indicators are mechanically or
chemically trapped inside the system, they are unable to fulfill all of the requirements as
enumerated in Section 3.1.3, and in particular not the requirement that the kinetics of the
indicator should be equal to that of the carrier substance. As a result, they can only be
used in a washin-type of experiment, as discussed in Section 3.4.2.

In physiology, two different types of microspheres exist. First, there are the true
mechanical microspheres: particles that have a diameter larger than the diameter of the
pathways through the system. In physiological studies of the circulation, this means that
the particles have to be larger than say 8 µm (the average diameter of human capillary).
They contain a substance that provides the possibility to detect the presence of the in-
dicator, such as a radiopaque contrast agent, a radiopharmaceutical, or a dye (enabling
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either in situ detection, or postmortem detection in histologic sections). As mechanical
microspheres cause (permanent) embolization, they are not used in human subjects.

The second type of microspheres in physiology are the so-called chemical micro-
spheres: substances that are completely extracted from the blood stream and locked into
the extravascular tissue by some biochemical process (e.g. metabolic processes or ligand-
receptor bindings). So, although a chemical microsphere is not really a microsphere, its
behavior as an indicator is similar, except that chemical microspheres diffuse into intra-
cellular space, while mechanical microspheres stay intravascular.

Indicators that behave like microspheres are sometimes referred to as being flow lim-
ited, as opposed to ‘normal’ indicators which are diffusion limited. This classification
refers to the limiting factor in the extraction of indicator from the inflowing stream. For
example in a ligand-receptor indicator (i.e. a chemical microsphere), if there are many
more receptor sites than the number of ligands being conveyed by the inflow, the net
amount of indicator being absorbed by the tissue is a function of the flow only, and hence
the term flow limited. Conversely, if the number of receptor sites is relatively low or
ligand-receptor binding is relatively slow, the accumulation of indicator in the tissue is
dominated by the ‘diffusion’, and not by the flow (hence, diffusion limited).

C.4 Poiseuille flow

Steady (non-pulsatile) flow of a Newtonian (linear and incompressible) fluid through a
straight rigid tube can be described by Poiseuille’s Equation [McDonald et al. 1990]. The
resulting flow is laminar, consisting of fluid layers parallel to the wall, with a parabolic
velocity profile (see Figure C.1):

v(r) = v0

(
1− r2

R2

)
(C.10)

with r the radial distance, R the radius of the tube, and the maximum velocity v0:

v0 =
(P2 −P1)

4µL
(C.11)

The viscosity of the fluid is denoted by µ, the length of the tube by L, and the pressure
across the tube by ∆P = P2 −P1.

0 1

i
C(r,t)

A

v0

r

r

zz

z

Figure C.1: Axial cross-section of a rigid cylindrical conduit with a Poiseuille flow profile
(modified from Csizmadia et al. [2001]).
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C.4.1 The impulse response function of Poiseuille flow

Normally, it is assumed that convective flux (in the z direction) is the only transportation
mechanism, and that no diffusion or mixing across laminae takes place. In a virtual ex-
periment, we could label all the particles in the cross section z = 0 at time t = 0 (i.e. the
‘unit impulse’), which would disperse over time to form a three dimensional parabolic
surface for t > 0, as depicted in Figure C.1. At time t = TL (with TL = L

v0
, Equation 3.51),

the top of this surface will reach position z = L. We are now interested in calculating the
number of labelled particles that reaches this cross sectional plane z = L as a function of
time (t ≥ TL), since that will constitute the impulse response function of the system.

The radius of the cross section of the parabolic surface with the plane z = L at time
t ≥ TL is obtained by rearranging Equation C.10:

r(t ≥ TL)
∣∣∣∣
z=L

= R

√
1− TL

t
(C.12)

Since the number of labelled particles is proportional to the frontal area of the parabolic
surface (i.e. πr2), the number of labelled particles that crosses the plane z = L in the
interval t to t + ∆t (with ∆t a small time period) is given by the area of a ring ∆A =
πr2(t +∆t)−πr2(t). Hence, the fraction of such particles equals:

∆A
A

=
πr2(t +∆t)−πr2(t)

πR2

=
(

1− TL

t +∆t

)
−
(

1− TL

t

)
= TL

(
1
t
− 1

t +∆t

) (C.13)

Consequently, the instantaneous fraction of labelled particles that cross the plane z = L
equals:

lim
∆t→0

∆A
A∆t

= TL
1
∆t

(
t +∆t

t(t +∆t)
− t

t(t +∆t)

)
=

TL

t2 (C.14)

The impulse response function is thus given by [Lubbers et al. 1993; Verhoeven 1985]:

hpoiseuille(t) =

{
TL
t2 for t ≥ TL = L/v0,

0 otherwise
(C.15)

C.4.2 Limitations of Poiseuille’s flow model in arterial blood flow

Poiseuille’s equation is, strictly speaking, not valid in describing (coronary) arterial blood
flow. First of all, diffusion across laminae will occur, such that no particles can be found
having a zero velocity (at the walls of the tube, r = R). Secondly, blood is not a homoge-
neous Newtonian fluid, but a complex emulsion of particles (red blood cells, RBC’s) [En-
derle et al. 1999]. These red blood cells are relatively large and deformable, causing its
suspension in blood plasma to behave non-Newtonian. Because of their size these cells
cut across several laminae of the plasma fluid at every point in time. The higher velocity
of the laminae near the center of the vessel compared to the velocity near the walls causes
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the disc-shaped cells to spin, with the inward side moving downstream, and the outward
side (near the vessel wall) upstream. This spinning amplifies the velocity differences be-
tween the radial laminae, and results in a radial pressure gradient which drives the red
blood cells inward against the thermodynamic equilibrium known as the magnus effect
(conservation of energy). This axial drift of read blood cells leads to a cell free zone near
the vessel wall (the plasma skimming layer) with a correspondingly lower viscosity com-
pared to the central fluid (with a relatively high concentration of large red blood cells).
As a result, the central portion will move like a highly viscous plug, ‘lubricated’ by the
plasma skimming layer. As reported by Enderle et al. [1999] and Verhoeven [1985], this
results in a lower effective viscosity (pseudo-plastic effect) of about 35%, and a blunt
velocity profile (v0/v̄ = 1.27 compared to 2 for Poiseuille flow).

The third reason that Poiseuille’s Equation is strictly speaking not applicable to blood
flow, is the pulsatility of blood flow and the non-rigidity of the vessel walls. A set of
(non-linear) differential equations (the Navier-Stokes equations) are necessary in order
to describe the pulsatile flow of a non-Newtonian fluid like blood through elastic, tortu-
ous and collapsible tubes [McDonald et al. 1990; Wendt 1992]. However, such a model
would be so complex that only numerical solutions can be calculated [Philips 1983; Rutten
1998]. Womersley and colleagues [Womersley 1955a,b, 1957] therefore proposed some
assumptions to enable an analytical solution to the set of differential equations, expressed
in Bessel functions.

C.5 Graphical overview of impulse response functions

A graphical overview of the impulse response function of the compartmental models de-
scribed in Section 3.6 is given in Figure C.2. See Table 3.2 for the corresponding mathe-
matical expressions.

C.6 Practical issues to tracer kinetic theory

This section will discuss some practical issues in the application of the theory presented
in Chapter 3. Some general issues will be presented, but the main focus will be on the
assessment of coronary blood flow and myocardial perfusion.

• Sampling the concentration of indicator in a stream of blood can be instrumented in
three different ways: 1) using a single bucket to collect a certain fraction of the total
blood flow, 2) using an array of buckets, and 3) continuous (in situ) monitoring with
a detector. The first method, using a single bucket, is only applicable if the time-
integral of the indicator concentration is required; it does not yield the concentration
as a function of time.

• In determining blood flow, the specific dynamics of blood plasma and cells may
cause problems (see Section C.4). In order to circumvent this, the concentration of
indicator in the infusate should be determined in a similar way as the determination
of the in- or output concentration. In particular, this means that both measurements
should use blood concentrations, which may differ from the normal ‘water’ concen-
trations due to presence of red blood cells. So, the concentration ct is determined by
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Figure C.2: Overview of the impulse response functions of the flow models (the horizontal
axis denotes the time in seconds). The vertical dotted lines indicate the mean transit time
t̄ according to Equation 3.12. The parameters used are: Tecg = 0.8 [s]; EF = 0.6; Tc = 1
[s]; σ2 = 1 [s2]; τ = V/F = −Tecg/ ln(1−EF) = 0.97 [s]; TL = τ/1.5 = 0.58 [s].
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diluting a volume V S
i of the infusate with an amount V S

b of ‘blank blood’, to make a
standard with approximately the same indicator concentration as to be expected in
the output samples. Then, the indicator concentration ct to be used in Equation 3.14
is calculated as [Lassen and Perl 1979]:

ct =
V S

b +V S
i

V S
i

ct
S (C.16)

This way, the blood flow is assessed, not the plasma flow, even when it is known that
the indicator resides in the plasma and not in the red blood cells. Also, the higher
velocities of the red blood cells compared to blood plasma is accounted for, since
the standard is collected the same way as the in- or output blood samples are taken
(i.e. the hematocrit of such samples will in general be higher than the hematocrit of
systemic blood).

• Strictly speaking, a conduit with laminar flow cannot be considered a single inlet
because of the different flow velocities of the laminae. Instead, each of the laminae
is an inlet, such that theoretically, the subsystem S will have an infinite number of
inlets. This may present some problems in the sampling process, as shifting the
sampling catheter is equivalent to switching between outlets, which deteriorates
results in bolus injection experiments.

• In sampling the indicator concentrations in the blood flow, it is important to ensure
that the samples are representative of the total flow through the corresponding in-
or outlet (see the item above on laminar flow). The assumption of complete mixing
inside the subsystem shows its importance here. The samples taken should also be
correctly synchronized in time. For example in extracting blood samples, a long
catheter causes an extra delay which should be corrected for. This is particularly
important with the techniques using a bolus injection.

• If the non-convective flux φs does not represent the actual destruction or production
of indicator, there usually is a small fluid flow ‘carrying’ this flux. In those cases,
the total flow of carrier fluid out of the system can be slightly different than the total
inflow. These discrepancies can normally be ignored without penalty.
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ABSTRACT

In coronary artery disease, obstructions in the coronary arteries (stenoses, or arterial le-
sions) impair the blood flow to the cardiac muscle (myocardium). In order to select the
most appropriate treatment of these stenoses, it is essential to assess their severities. Es-
pecially in the presence of multiple stenoses, the identification of the culprit lesion can
reduce overall risks and costs. The selection of a suitable measure of stenosis severity,
however, proves to be dependent on a lot of factors, including the clinical application of
diagnosing and treating this disease. Focussing on the assessment of the contributions of
individual coronary stenoses to the diminished myocardial perfusion, the coronary flow
reserve methods are most suitable. These methods provide a direct and functional (hemo-
dynamic) measure of the impact of the stenosis on the perfusion of the myocardium. By
measuring blood flow, the coronary flow reserve is relatively easily measured and quan-
tified. In order to provide more insight into the mechanisms influencing the coronary
flow reserve, a modelling technique from electrical circuit analysis is used to describe the
decreased perfusion pressure distal to a stenosis. By extending this technique to a more
complex electrical equivalent of myocardial perfusion, we conclude that none of the flow
reserve measures provides the definite solution to the quantification of coronary stenosis
severity. Instead, it is proposed to use multiple severity measures simultaneously, so as to
capture the full impact of a stenosis on coronary blood flow under varying physiological
conditions.

In principle, many of the cardiac imaging modalities (CT, MRI, ultrasound, etc.) can
be used to measure coronary blood flow or myocardial perfusion, but after reviewing their
(technical) properties, X-ray angiography proves to be a very suitable modality. Apart
from its technical advantages in terms of temporal and spatial resolutions, the fact that X-
ray angiography is the standard procedure in clinically managing coronary artery disease
is highly beneficial in terms of costs, speed, and acceptance. In order to employ X-ray
angiography in measuring coronary blood flow, a digital angiographic technique called
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densitometry is used to determine local contrast agent concentrations as a function of time
(so-called time-density curves). Using tracer kinetic theory (including the well-known
indicator dilution theory), these contrast agent concentrations can be related to (local)
blood flow. A considerable part of this thesis is dedicated to reviewing the fundamentals
and practical applications of these techniques.

It is shown that (cardiac) motion is one of the major problems in using angiographic
densitometry and tracer kinetics to measure coronary blood flow. We therefore developed
an (automated) correction algorithm that allows the application of traditional densitomet-
ric measurement methods to cardiac images without being impeded by motion artifacts.
The system we developed uses routinely acquired angiographic image sequences to mea-
sure coronary blood flow or myocardial perfusion, such that the physicians do not have to
deviate from their daily routine in order to quantify stenosis severity, if required. Using
a highly automated segmentation algorithm, the coronary artery tree is identified in this
angiographic image sequence, which provides the natural landmark points for the sub-
sequent motion correction algorithm. By tracking these landmark point over time, the
coronary arteries in all the images of the sequence are registered using a thin-plate spline
transformation, thereby removing (cardiac) motions. As a result, densitometric measure-
ments can be performed multiple time throughout the cardiac cycle, resulting in a higher
temporal resolution of the time-density curves.

The main contribution of this research is the development of an automated system to
quantitatively assess the severity of individual coronary stenoses. The system is character-
ized by the fact that it does not require a different clinical procedure than what is used in
current daily routine, and that it yields a number of different stenosis severity measures si-
multaneously. Due to the use of an automated motion correction algorithm, it is no longer
required to assume a certain flow model, thereby increasing the sensitivity of the method
to perfusion heterogeneities. This is an important advantage in view of the unavoidable
overlap of perfusion areas in the images. By ensuring a high degree of automation, com-
bined with transparency of intermediate result to the physician, this system improves on
some of the aspects that frustrated the introduction of similar systems in the past. Gen-
eral acceptance of this (or a similar) system may leverage the quantitative assessment of
stenosis severity. Although not all patients may need such an enhanced analysis of their
angiograms, we believe that it can eventually lead to better patient care.



SAMENVATTING

Ten gevolge van arteriosclerose van de kransslagader kunnen er vernauwingen ontstaan
die de bloedtoevoer naar de hartspier (het myocardium) belemmeren, met pijn op de borst
(angina pectoris) en mogelijk een hartinfarct tot gevolg. Om de meest doeltreffende be-
handeling voor deze aandoening te kiezen is het noodzakelijk de ernst van de vernauwing
te kwantificeren. Met name als er meerdere vernauwingen zijn kan het uitstellen van een
behandeling van de niet significante vernauwing(en) het risico en de kosten verkleinen.
Maar het kiezen van een geschikte maat voor de ernst van een vernauwing hangt nauw
samen met de klinische vraagstelling. Indien we ons beperken tot het bepalen van de di-
recte invloed van een vernauwing op de bloedstroom blijken de zogenaamde flow reserve
methoden het meest geschikt te zijn, omdat ze een directe, kwantitatieve, en functionele
maat zijn voor de belemmering van de bloedstroom. Om meer inzicht te krijgen in de
mechanismen die een rol spelen in deze methoden hebben we een techniek toegepast uit
de theorie van de elektrische netwerken. Daaruit blijkt dat geen van de bestaande metho-
den een alles omvattende maat oplevert voor de significantie van de vernauwing. Daarom
stellen we voor om meerdere van zulke maten naast elkaar te gebruiken, zodat ze elkaar
aanvullen. Op die manier is het mogelijk een completer beeld te krijgen van de invloed
van de vernauwing(en) op de resulterende bloedstroom onder wisselende fysiologische
condities.

In theorie kunnen meerdere beeldvormende modaliteiten zoals CT, MRI en ultrasound
gebruikt worden om de bloedstroom in de kransslagader (of de doorbloeding van het my-
ocardium) te bepalen. Nadere bestudering van hun (technische) eigenschappen leert dat
angiografische projecties met röntgen zeer geschikt zijn voor dit doel, mede door het hoge
oplossende vermogen en de snelheid. Daarnaast behoort deze modaliteit tot de standaard
uitrusting van elk ziekenhuis, en wordt routinematig gebruikt in de cardiologie. Hierdoor
kunnen de kosten van het kwantificeren van de ernst van kransslagaderlijke vernauwin-
gen laag blijven. Een aanzienlijk deel van dit proefschrift is gewijd aan de technieken
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die nodig zijn om aan de hand van deze röntgen beelden de bloedstroom in de kranss-
lagader te bepalen (met name zogenaamde densitometrie, en de theorie van de indicator
dynamica).

Er wordt aangetoond dat de bewegingen van het hart een groot obstakel vormen bij
het toepassen van de densitometrische technieken op röntgen beelden van het hart. Er
is daarom een nieuw bewegingscorrectie algoritme ontwikkeld, waarmee de traditionele
densitometrische technieken toegepast kunnen worden, zonder rekening te hoeven houden
met de bewegingen. Het systeem werkt met routinematig verkregen beeldmateriaal, zodat
de cardioloog zijn of haar dagelijkse routine niet hoeft te onderbreken om de ernst van
een vernauwing te kwantificeren, mocht dat nodig zijn. Met behulp van een geautoma-
tiseerd segmentatie algoritme wordt allereerst de kransslagader gevonden in een van de
beelden, zodat de splitsingen en eindpunten van de aderboom gebruikt kunnen worden als
‘landmarks’ in het verdere proces. Door deze landmarks te volgen in de tijd kunnen de
opeenvolgende beelden van de beeldreeks zodanig getransformeerd worden dat de land-
marks (virtueel) stil komen te staan. De bewegingen van de tussenliggende punten worden
geschat uit een benaderende thin-plate spline transformatie. Omdat alle bewegingen wor-
den gecompenseerd, kunnen er densitometrische metingen gedaan worden op meerdere
tijdstippen gedurende elke hartslag. Hierdoor wordt de bepaling van bloedstroming op
basis van die metingen nauwkeuriger.

De belangrijkste bijdrage van dit proefschrift is de ontwikkeling van een geautoma-
tiseerd systeem ter bepaling van de functionele significantie van kransslagaderlijke ver-
nauwingen. Het systeem onderscheidt zich doordat het geen aangepaste klinische proce-
dure vereist, en doordat het een aantal maten voor de ernst van de vernauwingen tegelijk-
ertijd oplevert. Door gebruik te maken van een bewegingscorrectie algoritme is het niet
langer nodig een bepaald model voor de bloedstroming te gebruiken, waardoor de gevoe-
ligheid voor heterogene doorbloeding van het myocardium afneemt. Dit laatste aspect
is met name belangrijk omdat röntgen projecties altijd meerdere (heterogene) doorbloed-
ings gebieden gesuperponeerd zal afbeelden. Een andere gunstige eigenschap van het
systeem is zijn transparantie naar de eindgebruiker, zodat deze duidelijkheid krijgt over
de betrouwbaarheid van het eindresultaat. Daarmee verbetert dit systeem een aantal as-
pecten die de introductie van soortgelijke systemen in het verleden heeft gehinderd. Met
de algemene acceptatie van dit systeem (of een soortgelijke) kan de introductie van rou-
tinematige kwantitatieve analyses van vernauwingen in de klinische praktijk worden be-
spoedigd. Ondanks dat niet elke vernauwing noodzakelijkerwijs op deze manier geanal-
yseerd hoeft te worden, zou het uiteindelijk toch bij kunnen dragen aan een verbeterde
zorg voor de patiënt.


