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Introduction

The arteriosclerotic cardiovascular diseases [1] increase their incidence in vertig-

inous form, reaching after half-full of the decade of the fifties the first place like

cause of mortality in the industrialized countries, place that at the moment oc-

cupies over the cancer and the accidents. In effect, the arteriosclerotic diseases,

in general (infarct to miocardio, angina of chest, accidents cerebrovascular, and

arterial diseases of the legs and arms) have caused, and continue causing, more

deaths and consultations in the rooms of emergency and doctor’s offices that

any other disease in this century, including the AIDS. The coronary arterial

diseases are developed due to a narrowing (stenosis) of the walls of the coronary

arteries, caused by the accumulation of fibrotic material and calcium crystals

[2]. The development of this type of plaque normally takes in humans between

15 and 20 years to form. There exist complicated injuries, which generate the

formation of thrombus, the rupture of the plaque can be considered an im-

portant mechanism of the acute coronary syndromes. An imminent problem

that happens if the arteries narrow too much due to the stenosis is that the

blood flow diminishes in significant form. A total occlusion can take place by

the maintained increase of a stenosis but also it can become serious due to

a thrombosis. The result can be an infarct. The introduction in the field of

the medical image of the IntraVascular UltraSound (IVUS) [3, 4] as an ex-

ploratory technique has made a significant change to the understanding of the

arterial diseases and individual patterns of diseases in the coronary arteries.

Although the coronary angiography [5, 6] provides with 2D information about

the coronary anatomy, serving as guide in the operations, it is limited when not

allowed to access to the mechanism of the disease, composition and extension

of the same. On the contrary IVUS technique visualizes the cross-section (Fig.

1) of the artery allowing an evaluation of the plaque as well as of the different

layers from the arterial wall. The IVUS image [2, 5, 6] provides qualitative

(Fig. 2) information about:

The causes and severity of the narrowing of the arterial lumen, distinction
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Figure 1: Typical 2D IVUS image indicating the location of the principal mor-

phological arterial structures and artifacts.

of thrombus of the arteriosclerotic plaque, recognition of calcium deposits in

the arterial wall, unexpected evaluation of the awaited changes and complica-

tions in the coronary arteries after an intervention as angioplasty, evaluation

and diagnose of coronary arterial aneurysms, diagnose of fissures of arterial

coronary plaques: determination and location, dimensions, type (eccentric and

concentric) and composition of the arteriosclerotic plaque.

0.1 Technical aspects of the IVUS

The images of ultrasound [7] are based on the reception and transmission of

the high frequency sound waves. The transmitted wave propagates through

the material until striking the reflecting object. The reflected wave returns

and is received by the transducer. The time between the transmission and the

reception of the wave is directly related to the distance between the source and

the reflector. The advantage of the ultrasound is that it can travel through the

water and of the smooth tissue. Additionally, the ultrasound is inoffensive at

3



Figure 2: Geometric parameters of an artery that make possible to measure by

means of Intravascular Ultrasound.

the used levels of energy for the generation of the image. A standard configu-

ration of IVUS acquisition images consists of three components: Fig. 3 show a

scheme of catheter with a piezoelectric transducer miniaturized, the pull-back

unit and the console to reconstruct the images. IVUS catheter has a rank of

measures that oscillates between 2,9 to 3,5 F (0,96 to 1,17 mm) of diameter.

The quality of the image depends on the operation frequency, being this of the

order of 20 to 50 Mhz, the lateral resolution is approximately of the order of

113 µm and the axial resolution is of the order of 80 µm [8]. The IVUS images

acquisition process, is initiated when the catheter is manually (guided by the

angiography) inserted within the artery (Fig. 3 (a)). The catheter pullback is

made at linear constant velocity (usually 0.5 mm/s) and constant angular ve-

locity of 1800 rev/min. The pivoting transducer sends a radially focused beam

of ultrasound and receives its corresponding echoes. The obtained radial lines

for different transducer angular positions are adequately processed, giving as

a result a 2D cross section artery image (Fig. 3 (d)). The sequence can be

shown as a longitudinal sequence, which gives a longitudinal artery cut (Fig. 3

(e)). The resolution of a ultrasound image is directly related to the ultrasound
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signal frequency, high frequencies allow to obtain better resolution. Neverthe-

less, when increased the frequency, the attenuation of the waves of ultrasound

increases while penetrating the biological tissue. The typical frequencies of the

IVUS technique are in the rank of 20 to 50 MHz, with inferior resolutions of

50 µm.

Figure 3: The IVUS catheter is manually positioned within the artery (a),

it is extracted by a pullback unit at a constant linear velocity and rotated

at a constant angular velocity. The information is transformed by the IVUS

console as unique cross section artery grey levels image (d) or a longitudinal

image sequence (e).
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0.2 Present limitations of IVUS technique and

a need of a generation model of IVUS data

The main roll of IVUS technique is to serve as a guide in the interventional

procedures allowing to measure the cross-section of the artery. The precision

in the measurements of distance is subject to the following potential sources of

error [9]:

a) Incorrect identification of the surface and the sections to be measured. Al-

though the vessel and the interface defining the wall vessel have sufficiently

good acoustic in most of the cases, still in several cases the identification of

the surface and differentiating tissues can result difficult. When improving

the radial resolution, it could improve the detection of contours, this would

reduce the error. These errors can in some cases be systematic and lead to

an overestimation of the dimensions. This could get considerably worse if the

irregularities of the vessels are very pronounced.

b) Assumption that the sound speed is constant in the arterial structure. The

second kind of problem related to assuming the constant speed of the sound at

1540 m/seg, is systematic and small of the order of 1 to 2%, which brings as

a consequence the propagation of the error to the location of each one of the

structures in study.

c) Artifacts caused by inhomogeneities in the rotation of the catheter and pro-

nounced reverberations generated by very acute irregularities of the vessel. The

appearance of some artifacts such as the inhomogeneities in the rotation of the

catheter, has influences on the quality of the image. The absence of beams,

when the catheter stops momentarily, brings as a consequence a propagation

of errors in the tangential direction of the image.

d) Presence of zones of acoustic shade which prevents to access certain regions

of interest. The presence of zones of acoustic shade is intimately bound to

the presence of calcification or regions of high acoustic impedance. The shades

prevent that some structures can be evaluated from the distribution of the grey

levels.

e) The presence of the catheter, the reticule and the guide are troublesome for

the processing of the images. The presence of the catheter, the reticule and the

guide are quite uncomfortable when it is desired to evaluate the data by some

procedure of images processing.
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f) Impossibility to locate spatially the catheter. The impossibility the locate

the catheter with respect to a specific axis of coordinates makes impossible

any attempt of three-dimensional representation of the vessel only with IVUS

technique. For example: spatial location of the effective section of the lumen

and location of plaque and the reconstruction in the lengthwise direction of the

vessel are still an open problem of investigation [9].

g) Impossibility to evaluate dynamic parameters, different from the single static

characterization using the grey levels. First achievements are related to IVUS

elastography [7] which purpose is to propose a technique for tissue characteri-

zation.

The mentioned shortcomings are difficult to quantify and depend on the ex-

perience of the operator that usually means he should have been trained by

a large amount of patient cases. Some of the limitations of IVUS technique

can be attenuated through algorithms of image processing; the limitations due

to a suboptimal location of the borders of the arterial structure can be im-

proved with new algorithms of segmentation. The question is how to develop

robust algorithms that can solve these problems analyzing the artifacts with

their multiple appearance in IVUS images. Having a complete set of patient

data to present all variance of artifacts appearance in images would mean to

dispose of a huge amount of patient cases. A more efficient solution is to de-

velop a simulation model for IVUS data construction so that synthetic data are

available in order to ”train” image processing techniques. In this way, different

appearance of artifacts can be designed to assure the robust performance of

image processing techniques.

Differences in IVUS data are caused not only by different morphological struc-

tures of vessels but also by different parameters that influence the formation of

IVUS images. The images depend on the IVUS apparatus calibration as well

as interventional devices, small differences in parameters can lead to different

grey-level appearance that can be interpreted in a different way by the physi-

cians. Having a simulation model for IVUS data can help to the training of

medical staff as well as can have an important role in designing and testing

new interventional devices. At the end, being aware which parameters and in

which grade influence to image formation is of unquestionable importance for

all persons involved in comprehension of IVUS data and taking final decision for

diagnosis and intervention of vessel lesions. In this chapter, we discuss a simple
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simulation model for formation of 2D IVUS data that explains the complete

process of data generation as a result of the interaction between ultrasound

signals and vessel morphological structures.
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A Basic IVUS Image Model

Correct image processing needs of understanding image formation, grey level

meaning, artifact causes, the averaging and the motion of the dynamics struc-

tures effects in the image. The generation of simulated IVUS images investi-

gate four important aspects: a) The generation, processing and visualization

of the data in the format that the doctors use, b) the exploration of some of

the artifacts generated by the averaging of the beams, c) the smoothing and

treatment of the images to generate sufficient data for the validation of image

processing algorithms, and, d) comparison of data generated by the image for-

mation model to the real data. IVUS images can be obtained in a simulated

form, from a simple physical model based on the transmission and reception of

high frequency sound waves, when these radially penetrate a simulated arterial

structure (Fig. 4). We assume for this model that the waves are emitted by a

transducer located in the center of the artery, and that these waves propagate

radially through the blood and the arterial structures (intima, media and ad-

ventitia), being reflected progressively by them. The reflected waves or echoes

that return are received by the transducer, that now behaves as a receiver. The

time between the emission and the reception of the waves is directly related

to the distance between the source and the reflector (Fig. 5). The echo am-

plitude that is function of the time, is transformed on gray scale and later to

penetration depth, so the radial coordinate is determined. If we place a rota-

tory transducer, make a registry of the corresponding echoes for each angular

position of the transducer and combine all the lines obtained from different

positions, as a result we will be able to obtain a simulated 2D image of the

structure in study. The 3D IVUS simulated can be generated as a sequence of

n-planes generated independently, taking into account the arterial deformation

caused by the blood pulsatile pressure.
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Figure 4: The disposition of the simulated arterial structures (blood, intima,

media and adventitia) and calcification are illustrated. The ultrasound rotatory

transducer which emits the pulse Po and receives pulse P1 has been placed at

the coordinate center.

0.3 Formal Definition of the Image Model

Let us consider a ultrasound pulse Po that is emitted at time to with speed c

from the point with coordinates (ro, θo, zo) (Fig. 6), and that interacts with

the scatterer located at the position, (R,Θ, Z) with the spatial distribution of

the differential backscattering cross-section, σ(R,Θ, Z). The reflected pulse Pi

for the i-th scatterer is an exact replica [10] of the transmitted sound pulse Po

that will return to the point (ro, θo, zo) at time (ti−to) and will be out of phase

temporarily with respect to the pulse Po by time difference δ = ti − to between

the emitted pulse at ti and the received pulse at to. The time delay δ is given

by:

δ =
2|R|

c
(1)

−→
R = −→r −−→ro , −→r = x̂i + yĵ + zk̂ , −→ro = xoî + yoĵ + zok̂

We choose a coordinate system (X,Y, Z) with respect to the emitter/re-

ceiver position:

−→
X = (x − xo)̂i ,

−→
Y = (y − yo)ĵ ,

−→
Z = (z − zo)k̂
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Figure 5: The determination of the distance D between the emitter/receiver

and the reflecting object is done from the difference of time between the trans-

mitted pulse Po and the received pulse P1 assuming that the pulse speed c is

constant.

Figure 6: Coordinates system used with the corresponding ultrasound emit-

ter/receiver and the scatterers localization.
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and the corresponding cylindrical coordinates given by

|R| =
√

X2 + Y 2 + Z2 ,Θ = arctan(Y/X)

where X = |
−→
X |, Y = |

−→
Y | and Z = |

−→
Z |

Assuming the Born approximation [11, 12], the ultrasound reflected signal

S(t, τ) for a finite set of N reflecting scatterers with coordinates (R,Θ, Z) and

spatial distribution of the differential backscattering cross-section σ(R,Θ, Z) is

given by:

S(R,Θ, Z, t, τ) =

N∑

i=1

σi(R,Θ, Z)ζi(t, τ) (2)

where N is the number of scatterers, σi(R,Θ, Z) is the spatial distribution of

the Differential Backscattering Cross-section (DBC) of the ith scatterer located

in position (R,Θ, Z), ζi(t, τ) is the transducer impulse function and τ is the

delay time which leads to constructive and destructive contributions to the

received signal. The Born approximation implies that the scattered echoes are

weak compared to the incident signal and it is possible to use the principle of

superposition to represent the wave scattered by a collection of particles by

adding their respective contribution.

0.3.1 The ultrasound pulse

We consider a planar transducer that is mounted inside an infinite baffle, so

that the ultrasound is only radiated in the forward direction. We assumed

that the transducer is excited with uniform particle velocity across its face

[13, 14]. According to the coordinates system illustrated in the far field circular

transducer pressure P (r, θ, t) (Fig. 8) can be written as:

P (r, θ, t) = j
ρocka2vo

2r

[2J1(ka sin(θ))

ka sin(θ)

]
exp(j(wt − kr))

where t is the time, ρo is the medium propagation density, c is the sound speed

for biological tissue, (typically c = 1540m/s), vo is the radial speed at a point

of the transducer surface, a is the transducer radius,
−→
k is the propagation

vector, defined as k = |
−→
k | = 2π/λ, λ the ultrasound wave length, defined as

λ = c/fo, fo ultrasound frequency, ω = 2πfo and J1(x) is the first class Bessel

function. Fig. 8 shows a graphics of the pressure as a function of ν, where

ν = ka sin(θ). In some applications, particularly when discussing biological

effects of ultrasound, it is useful to specify the acoustic intensity [16]. The
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Figure 7: Geometrical variables used for the calculations of the pressure distri-

butions P (r, θ, t) for a planar circular transducer of radius, a.

Figure 8: Transducer pressure distribution.

intensity at a location in a ultrasound beam, I is proportional to the square of

the pressure amplitude, P. The actual relationship is:

I(r, θ, t) =
P (r, θ, t)2

2ρc
(3)
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(a) (b)

Figure 9: Typical ultrasound pulse and its gaussian envelope (a). The trans-

ducer pattern radiation (b).

Again, ρ is the density of the medium and c the speed of the sound. The

impulse function ζ(t, δ) is generally approximated [15] by a Gaussian (Fig. 9

(a)) which envelopes the intensity distribution and is given by:

ζ(t, δ) = I(r, θ, t) exp
(
−

(t − δ)2

2σ2

)
(4)

where σ is the pulse standard deviation. We consider that the beam is colli-

mated by θ = θa. In our model only the corresponding interval dθ ≈ 0.1
o

is

used that corresponds to the transducer lateral resolution zone (Fig. 9 (b)).

Hence Eq. (2) in the transducer coordinate system is based on a discrete repre-

sentation of the tissue of individual scatterer elements with given position and

DBC with respect to the transducer coordinates given by:

S(R,Θ, Z, t, δ) = Co

N∑

i=1

σi(R,Θ, Z)

|Ri|
ζ(t, δ) (5)

where δ is given by Eq. (1), ζ(t, δ) is the impulse function given by Eq. (4). If

we consider only the axial intensity contributions, Co can be written as[14]:

Co =
ρock

2v2
oA

8π
(6)

where A is the transducer area.
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0.4 Principal features of IVUS data.

0.4.1 Image resolution

The resolution is the capacity that has a technique or an instrument to sep-

arate in time and/or space two events or objects [14]. At the moment, most

of the efforts in the design of new transducers are centered in improving the

spatial and the temporal resolution. Unfortunately most of the medical ap-

plications demand that the transducers are smaller to increase the resolution

but it diminishes their capacity to explore to greater tissues depth. For the

IVUS techniques, the resolution plays a very important role since most of the

structures to visualize directly depend of these parameters.

0.4.1.1 Axial resolution

The axial resolution is the capacity that the ultrasound technique has to sepa-

rate the spatial position of two consecutive scatterers through its correspond-

ing echoes [13, 14, 16]. In Fig. 10 a ultrasound pulse P1 that has a width

d1 frontally affects a linear scatterer array at distance doi. Each one of the

Figure 10: A ultrasound pulse, P1 that has width, d1 frontally affects a linear

scatterer array placed at distance doi.
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echoes forms a ”train” of pulses temporally distanced according to the equa-

tion toi = 2|Ri|/c, being Ri the ith relative emitter/scatterer distance and c

the pulse propagation speed. The progressive distance reduction of the linear

scatterers, given by (a1, ..., a4) (Fig. 10) and (b1, ..., b4) (Fig. 11), reduces the

time between the maximums of the ”trains” pulses. There exists a critical

distance width dt from which the pulses that arrive at the receiver are super-

posed, not being able, therefore, to discriminate or to separate individually the

echoes produced by each scatterer. In Fig. 11 one can observe, that the reso-

lution can be improved by diminishing the pulse width dt, which is equivalent

to increasing the frequency of the emitted pulse. The axial resolution of this

Figure 11: We can see that the progressive distance reduction of the linear

scatterers, from (a1, ..., a4) (Fig. 10) to (b1, ..., b4) reduces the time difference

between the maximums of the ”train” pulses. The maximums can be separated

reducing the pulse width from d1 (Fig. 10) to d2, this is equivalent to an increase

in the pulse frequency.

technique depends essentially on two factors: the ultrasound speed c and

pulse duration dt. The functional dependency between the spatial resolution,

the frequency and the ultrasound speed propagation is given by:

dr = cdt = cT =
c

f
(7)
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where dr is the axial resolution, c is the ultrasound speed for biological tissues,

dt is the pulse width, T is the period of ultrasound wave and f is the ultrasound

frequency. For the IVUS, the typical values are: c = 1540 m/seg and f = 30

MHz the axial resolution is approximately: dr = 1540/(30 × 106) = 0.05 mm

≈ 50µm and the relative error of the axial resolution is given by:

∆dr

dr

=
∣∣∣∆c

c

∣∣∣ +
∣∣∣∆f

f

∣∣∣

The axial resolution dependency versus the ultrasound frequency is visualized

in Fig. 12.

Figure 12: The functional dependency between the axial resolution and the

ultrasound frequency for a rank of typical ultrasound speeds in biological tissue.

The typical IVUS (30MHz) frequency as well as the tolerance in the axial

resolution ∆dr are emphasized.

0.4.1.2 Angular resolution

The angular resolution is the capacity to discern two objects or events located

in the tangential direction [13, 14, 16] and depends on the Beam width. The
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Material Sound speed (m/s)

Fat 1460

Aqueous humor 1510

Liver 1555

Blood 1560

Kidney 1565

Muscle 1600

Lens of eye 1620

Average 1553

Table 1: Sound speed in selected tissues [16]

beam width depends on the transducer effective emission area (Fig. 13). The

Figure 13: The focal length and the focal zone of a ultrasound transducer are

indicated. The transducer lateral resolution dθ is a function of its diameter, D

and the emission frequency, f .

Fig. 14 shows the standard dimensions of typical IVUS ultrasound transducer.

The tangential or lateral resolution of a ultrasound emitter of diameter, D that

emits by frequency f is given by:

dθ = 1.22
λ

D
, dθ = 1.22

c

D

1

f

and the focal distance (focal length) F is given by:

F =
1

4

D2

λ
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Figure 14: Typical IVUS transducer dimension used by Boston Sci.

where λ = c/f and D is the transducer diameter. For a typical transducer

of 30 MHz, c = 1540 m/seg and transducer dimensions given in Fig. 14, the

lateral resolution is dθ ≈ 0.10
o

and the focal length is F = 2 mm.

0.4.2 The beam intensity

The beam ultrasound intensity, as a function of the penetration depth and the

ultrasound frequency, is given by [13, 14, 16]:

I(r) = Ioexp
(
−α(Nθ)rf

)
(8)

where Io is the beam intensity at r = 0 and the coefficient, α give the rate

of diminution of average power with respect to the distance along a transmis-

sion path [17]. It is composed of two parts, one (absorption) proportional to

the frequency, the other (scattering) dependent on the ratio of grain, particle

size or the scatterer number Nθ located along the ultrasound beam path (See

section 0.5.2). Since the attenuation is frequency dependent, a single attenua-

tion coefficient only applies to a single frequency. The attenuation coefficient
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of ultrasound is measured in units of dB/cm, which is the log relative energy

loss per travelled centimeter. In biological soft tissues, the ultrasound atten-

uation coefficient is roughly proportional to the ultrasound frequency (for the

frequency range used in medical imaging). This means that the attenuation

coefficient divided by the frequency (unit dB/MHz× cm) is nearly constant in

a given tissue. Typical soft tissue values are 0.5 to 1.0 dB/MHz × cm. In our

model we assumed that the attenuation coefficient α is only dependent on the

scatterer number in the length way beam. Fig. 15 shows the beam intensity

dependence vs penetration depth for several typical frequencies used by IVUS.

Figure 15: Ultrasound beam intensity versus the penetration depth for several

frequencies (5 to 50 MHz).

0.4.3 Ultrasound beam sweeping criterion

Let us explore a criterion that assures that all the return echoes reach the

transducer before it moves to the following angular position. Let us define β

as the ratio between transducer diameter, D and length arc, ε (Fig. 16):

β =
D

ε
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Figure 16: A rotatory transducer emits a radially focused beam. Angular

positions, θ1 and θ2 define a segment of arc S which can be calculated from the

speed of rotation and the speed of propagation of the ultrasound beam.

where D is the transducer diameter and ε is the arc segment swept by the

beam, between two angular consecutive positions. Note that:

dθ = ωdt , dt = 2
R

c
, ε = Rdθ (9)

Taking into account these definitions, β can be rewritten as:

β =
( r

R2

)( c

ω

)

where r is the transducer radius, R is the maximum penetration depth, c is

the ultrasound speed and ω is the transducer angular speed. The parameter β

implies that the transducer area is β times the sweeping area for the rotatory

beam and the maximal depth penetration. This assures that a high percentage

of echoes incomes to the transducer before it changes to the following angular

position. We can determine parameter β by calculating the frequency by which

the ultrasound pulse should be emitted. Fig. 17 shows the dependence between

parameter β and the transducer angular velocity for several typical velocities in

biological tissues. We emphasize the typical IVUS transducer angular velocity.

Fig. 18 gives the relation between the sample frequency (fm = 1/dt) and the

typical IVUS transducer angular velocity ω.
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Figure 17: Functional dependence between parameter, β and transducer angu-

lar speed, ω

Figure 18: Functional dependence between the sample frequency and the trans-

ducer angular speed.

0.4.4 Determining the scatterer number of arterial

structures

1) The Red Blood Cells (RBCs) number swept by the ultrasound beam

(Fig. 19) can be estimated taking into account the plastic sheathing dimen-
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sions of the transducer (Fig. 14) and the typical arterial lumen diameter. The

Figure 19: The scatterers volume for each arterial structure can be calculated

taken into account the total volume Vb swept by the ultrasound beam.

scatterer number contained in a sweeping beam volume is given by the differ-

ence between the sweeping lumen arterial volume, Va and the plastic sheathing

transducer volume, Vt.

Vb = Va − Vt = πa(D2 − D2
M )/4 (10)

where D and DM are the arterial lumen and the sheathing transducer ex-

terior diameters respectively, and a is the effective emission diameter of the

transducer. Typical arterial lumen diameter of coronary arteries is D ≈ 3mm

[18, 19]. From Fig. 14 we can see that DM ≈ 0.84mm and a = 0.60mm. Using

Eq. (10) we obtain for the sweeping volume of the transducer beam approxi-

mately Vb ≈ 3.91mm3. The RBCs can be approximated by spherical scatterers

having volume of 87µm3 [20], which corresponds to a radius of 2.75µm (diame-

ter, dg = 5.5 µm). Considering a typical hematocrit concentration [21] of 35%

we can estimate the RBCs number by the beam sweeping volume. The RBCs

sweeping volume is Vrbc = 1.36 mm3, and the typical human RBCs number

is approximately N ≈ 4.1 × 106 cells/mm3 [21]. Thus, the RBCs number by

the sweeping volume is No ≈ 5.61 × 106 cells. The maximal axial resolution

at 40MHz is approximately dr = 38µm, at this resolution we can observe the
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order of dr/dg ≈ 7 RBCs. If we take the scatterers as perfect spheres with

radius dr at maximal axial resolution, we would have of order of 1.37 × 107

scatterers to be simulated. This quantity of RBCs scatterers is not possible

to estimate with the actual computer possibilities. In order to generate quan-

tities of scatterer possible to emulate, we generate scatterers groups namely

”voxel” [11]. In Table 2, the most important numerical data used by this sim-

ulation model are summarized. The minimal structure dimensions able to be

feature ≈ values

Arterial diameter D = 3 [mm]

Sheathing transducer diameter DM = 0.84 [mm]

Transducer diameter a = 0.60 [mm]

Sweeping volume by the beam Vb = 3.91 [mm3]

RBC volume 87 [µm3]

Hematocrit concentration 35 %

RBC volume by 35 % of Vb 1.36 [mm3]

Typical human RBC number N = 4.1 × 106 [cells/mm3]

Maximal axial resolution at 40 MHz dr = 38 [µm]

IVUS image resolution (1/25) ≈ 0.04 [mm/pixel]

Minimal voxel volume 6.4 × 10−5 [mm3]

Total RBC voxel 360 [voxels]

RBC voxel to be emulated 1.5 × 104 [voxels]

Table 2: Important features and the corresponding approximated values used

in this simulation model.

measured by an IVUS image at 40 MHz is 1/25 [mm/pixel] ≈ 0.04 mm. We

take this dimension to estimate the minimal ”voxel” volume. For the RBCs,

Vo = 0.04 × 0.04 × 0.04 ≈ 6.4 × 10−5 mm3. The total number of RBCs per

voxel is Nt = Vo ×N ≈ 360 cells/voxel. Now, we can calculate the total RBCs

”voxel” number Nrbc = No/Nt ≈ 1.5 × 104 voxels for the sweeping volume

by the ultrasound beam. This ”voxel” number is even computer intractable.

Therefore, we must consider that the typicall structure dimensions able to be

measured by IVUS image are greater than 0.04 mm. A well contrasted im-

age structure by IVUS begins from 0.06 mm. Using these ”voxel” dimensions,

Vo = 2.14× 10−4mm3, the total ”voxel” number is Nt ≈ 880 [cells/voxel] and
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the RBC ”voxels” number is approximately N1 ≈ 6200 [voxels]. An example

of RBCs ”voxel” number used in this simulation is given in table 3.

2) The intima, media and adventitia. The numerical values necessary for

the evaluation of the scatterer number for the intima, media and adventitia

were taken from results of L. T. Perelman et. al [22], that give the typical

nuclear cells size l(µm) distribution for human cells. The ”voxel” number for

each layer was computed taken into account the typical dimensions of intima,

media and adventitia of a normal artery.

3) The voxel number for the sheathing transducer was calculated taking

into account the minimal scatterers able to be observed at maximal resolution

when the frequency is fixed at 40MHz, a typical IVUS frequency. From Fig. 14

and Fig. 19, the transducer sweeping volume is Vt = πa(D2
M − D2

m)/4, where,

a ≈ 0.60 mm is the transducer diameter, DM ≈ 0.84 mm and Dm ≈ 0.72 mm

are the exterior and interior transducer sheathing diameters respectively. Us-

ing these dimensions: Vt ≈ 0.08 mm3. The sheathing ”voxel” number No can

be calculated as No = Vt/Vo, where Vt ≈ 0.08 mm3 is the sheathing volume by

the beam and Vo = 4πd3
r/3 is formed by the minimal spherical scatterers with

radius dr = c/f able to be measured when the frequency f and the ultrasound

speed c are known. Taken typical values for c = 1540 m/s and frequency 40

MHz, Vo ≈ 2.39 × 10−4 mm3, thus No ≈ 370 ”voxels”.

0.5 Simulation of IVUS image

0.5.1 Generation of the simulated arterial structure

Considering the goal of simulating different arterial structures, we can classify

them in 3 groups: Tissue structures, non tissue structures and artifacts. The

spatial distribution of the scatterer number with a given DBC, σ(R,Θ, Z) at

point (R,Θ, Z) has the following contributions:

σ(R,Θ, Z) = A(R) + B(R,Θ, Z) + C(R) (11)

where A(R), B(R,θ,Z) and C(R) are the contributions of tissue structures, non

tissue structures and artifacts respectively.

1. Tissue scatterers. These are determined by the contribution of the

normal artery structures, corresponding to: lumen, intima, media and
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adventitia. Fig. 20 shows a k-layers spatial distribution of the scatterers

for a simulated arterial image. These scatterers are simulated as radial

Figure 20: A plane of k-layers simulated artery. The scatterer numbers are

represented by the height coordinate in the figure.

gaussian distributions [23] centered in the average radius Rk and having

standard deviation ηk corresponding to each arterial structures. Tissue

scatterers are represented by:

A(R) =

ko∑

k=1

ak

ηk

exp
(
−

(R − Rk)2

2η2
k

)
(12)

where ak is the maximal number of scatterers at R = Rk, k is the k-th

radial simulated tissue layer and Rk is the radial layer average position.

2. Non tissue scatterers. These contributions can be originated by struc-

tures formed by spatial calcium accumulation, which are characterized

because the DBC density is greater than the rest of the arterial struc-

tures. They are simulated by a gaussian distribution in the radial, angular

and longitudinal arterial position of the simulated structure:

B(R,Θ, Z) =

lo∑

l=1

mo∑

m=1

no∑

n=1

blcmdn

βlγmνn

F (R,Θ, Z)

26



F (R, Θ, Z) = exp

(
−

1

2

( (R − Rl)
2

β2

l

+
(Θ − Θm)2

γ2
m

+
(Z − Zn)2

ν2
n

))

where (l,m, n) correspond to the radial, angular and longitudinal axes

directions, (lo,mo, no) are the structures number in radial, angular and

longitudinal direction, (bl, cm, dn) are the scatterer numbers that have a

maximum at R = Rl,Θ = Θm and Z = Zn, (βl, γm, νn) are the radial,

angular and longitudinal standard deviation and (Rl,Θm, Zn) are the

radial, angular and longitudinal average position.

3. Artifacts scatterers. In our model we consider the artefact caused by

the sheathing transducer:

C(R) =
ao

αo

exp
(
−

(R − Ro)
2

2α2
o

)

where ao is the scatterers number that has a maximum at R = Ro, αo

is the artifact standard deviation and Ro is the artefact radial average

position.

0.5.2 1D echogram generation

To obtain an 1D echogram, a ultrasound pulse is generated by Eq. (4) and

it is emitted from the transducer position. The pulse moves axially through

scatterers (Fig. 21 (a)), its intensity distribution decreases (Fig. 21 (b)),

with the penetration depth and the scatterers numbers on the ultrasound way

according to the Eq. (8). The echo amplitude is registered by the transducers

(Fig. 22) as a signal function of time S(t) (Eq. 13). The value is transformed to

penetration depth replacing t = x/c and normalized to grey scale. The spatial

distribution of cross section scatterers, σ is generated by using Eq. (11). Fig.

21 shows the simulations of N scatterers located in (Ri,Θa ≤ Θj ≤ Θb).

S(t,Θo) =

NR∑

i=1

NΘi∑

j=1

σ(Ri,Θo ± Θj)ζ(t, δi)

|Ri|
(13)

S(t,Θo) = Co

NR∑

i=1

Nθi∑

j=1

σ(Ri,Θo ± Θj)

|Ri|
exp

(−(t − δi)
2

2σ2

)
sin(ωt − δi)
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(a) (b)

Figure 21: The 1D echogram is obtained by fixing the angular position Θ0 = Θ

of the ultrasound beam (a). The total signal S(t) is only generated by the

scatterers NΘ located in the angular position between Θa ≤ Θ0 ≤ Θb. The

intensity distribution decreases with the depth penetration and the scatterers

numbers NΘ through the beam way (b).

where Θo = (Θa + Θb)/2, Co defines the transducer constant parameters and

NΘi
is the total scatterer number in the angular position between θa ≤ Θ ≤ θb

for a radial position Ri. The sum only operates on the scatterers located

between the angular position θa ≤ Θ ≤ θb that is the focal transducer zone

(Fig. 9 (b) and Fig. 13). Therefore, NΘ is the total scatterers number in

this region. Eq. (13) can be written as a function of the penetration depth,

replacing t = x/c. Eq. (13) can be rewritten on gray-level scale as:

S(t,Θo) =
256

max(S(t))
Co

NR∑

i=1

Nθi∑

j=1

σ(Ri,Θo ± Θj)

|Ri|
exp

(−(t − δi)
2

2σ2

)
sin(ωt − δi)

(14)

where δi = 2Ri/c and S(x) is the 1D echogram generated by a set of NΘ scat-

terers located in (Ri,Θa ≤ Θi ≤ Θb). The overall distribution backscattering

cross section, σi(Ri,Θi ± δΘ) is given by (Eq. 11).

0.5.3 2D echogram generation

The procedure to obtain the 2D simulated IVUS is the following: A rotatory

transducer at angular velocity, ω (Fig. 23 (a)) is located at the center of the
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Figure 22: The corresponding echoes are finally transformed to normalized

echo amplitude and then to grey level scale vs time or penetration depth.

simulated arterial configuration given by Eq. (11). The transducer emits a

ultrasound pulse radially focused at frequency, fo along angular direction, θ1

(Fig. 23 (a)). The pulse progressively penetrates each one of the layers of

the simulated arterial structure according to Eq. (15). Each one of the layers

generates a profile of amplitude or echoes in the time, that can be transformed

into a profile of amplitude as a function of the penetration depth (Fig. 23 (b)).

Therefore, the depth can be calculated by Eq. (1). As the penetration depth

is coincident with the axial beam direction, the radial coordinate, R is thus

determined. This procedure is made n-times for the angles, (θ1, ..., θn) and the

2D image is generated. The generated echo profiles are transformed to a polar

image, and the intermediate beams are computed (Fig. 23(c)). The image is

transformed to cartesian form and the empty pixels are filled (Fig. 23(d)).

Using the ultrasound reflected signal S(t,Θ) for a finite set of N reflecting

scatterer with coordinates (R,Θ, Z) and spatial distribution of the differen-

tial backscattering cross-section, σ(R,Θ, Z), the 2D echo signal S(t,Θ) can be

written as:

S(t,Θ) = Co

NR∑

i=1

Nθi∑

j=1

σ(Ri,Θ ± θj)ζ(t, δi)

|Ri|
(15)
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(a) (b)

(c) (d)

Figure 23: The transducer emits from the artery center (a), echo profile trans-

formed into penetration depth (b), the echo profiles are transformed to a polar

image (c), empty pixels filled and the final IVUS image is smoothed (d).

where S(t,Θ) is the temporally generated signal by a set NR of scatterer which

are localized in angular position θ, θ ∈ [θa, θb], Nθi
is the total scatterer number

in the angular position between θa ≤ Θ ≤ θb for a radial position Ri. We

consider two forms of Θ:

• by no uniform distributed scatterers:

Θ = (θa + θb)/2

• by uniform distributed scatterers:

Θ =
1

NR

NR∑

j=1

Θj
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0.5.4 Final image processing

The actual image obtained only with the original beams is very poor, we must

explore several smoothing procedures to improve the image appearance. The

procedures to obtain the final simulated image are as follows:

1. The echoes are obtained by the pivoting transducer (Fig. 23 (a)).

2. Each echo profile is ordered according to the angular position (Fig. 23

(b)).

3. The original image is transformed to a polar form (Fig. 23 (c)).

4. Secondary beams are computed between two original neighbor beam (Fig.

23 (c)).

5. The image is smoothed by a 2 × 2 median filter.

6. The image is again transformed to cartesian form. As result of this trans-

formation a significant number of pixels will be empty (Fig. 23 (d)).

7. The empty pixels are filled in a recursive way form, using for this an

average of the eight nearest neighbors (Fig. 23 (d)).

8. An image reference reticle is added and a gaussian filter is applied.

Fig. 24 shows the scatterers distribution for a concentric arterial structure and

an axial ultrasound beam position (a), and its corresponding echo profiles (b).

Each axial echo is positioned by an angular position (c). In this way, the 2D

echogram is constructed (d). The procedure of image smoothing is described

in section 0.5.4.

0.6 Validation of the image simulation model

Once defined the generic basic model of IVUS image formation, we need to

compare it to real images contrasting the expert opinion to test its use. To this

purpose, we defined procedures to extract quantitative parameters that permit

to measure the global and local similarity of the images obtained. The main

goal of this simulation is to give a general representation of the principal char-

acteristics of the image. The comparison of real and simulated images should
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Figure 24: The scatterers distribution (a), the corresponding 1D echoes (b),

2D echogram is constructed (c) and the image is smoothed (d).

be done on the global image descriptors. We concentrated on the distribution

of the grey levels. Data such as transducer dimensions (Fig. 14), the catheter

as well as the reticle location, operation frequency, band width, original and

secondary beam number used for the simulation are standard values used from

Boston Sci. [24]. However, the optimal values of frequency and attenuation

coefficient are obtained by the cross validation procedure [23]. The dimensions,

scatterer number, and the backscattering cross section of the simulated arterial

structures were obtained from different literature [7, 10, 11, 19, 22, 24]. Typical

values of the RBCs ”voxel” numbers took into account the typical hematocrit

percentage [11] (section 0.4.4). Instrumental and video noise has been incor-

porated into the simulated image, due to electronics acquisition data, and the

acquisition and processing to the video format.
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The zones of greater medical interest (lumen, lumen/intima, intima/media and

media/adventitia) were simulated for several real IVUS images. The smooth-

ing image protocol is not known so that the corresponding tests were done

until finding the maximal similarity to the real images based on the use of 3

progressive methods. 1) The empty pixels are filled using the average of eight

neighbors. 2) A median filter is used, and 3) A gaussian filter is applied in

order to find the noise reduction. The quantitative parameters used for the

image comparison were directed for global and local image regions, being this:

1. Grey level average projection, px and py, horizontal and vertical

image projection, are defined for an m × n image I as [25]:

px(i) =
1

m

m∑

j=1

Iij , py(j) =
1

n

n∑

i=1

Iij (16)

2. We define a global linear correlation between real (x) vs simulated (y)

data as follows:

y = mx + b (17)

where m and b are the linear correlation coefficients.

3. Contrast to Noise Ratio Signal (CNRS) as figure of merit, defined

as [26]:

CNRS =
(µ1 − µ2)

2

√
σ2

1 + σ2
2

(18)

where µ1, µ2, σ1 and σ2 are the mean and the standard deviation inside

the regions of interest (ROIs).

0.6.1 Scatterer radial distribution

The radial scatterer distribution is an important factor for a good image sim-

ulation. The scatterers under consideration in this simulation are: the trans-

ducer sheath, blood, intima, media and adventitia. We can obtain the arterial

structure configuration from an emulated form and from a real validated IVUS

image. For the study of the synthetic images we have used two procedures:

1. Standard data. Typical geometric arterial parameters and its inter-

faces: lumen/intima, intima/media and media/adventitia are obtained

from standard literature.
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2. Validated data. Geometrical parameters are obtained from a manually

segmented IVUS images.

In order to investigate the image dependencies of IVUS parameters (frequency,

attenuation coefficient, original beam number, secondary beam and smoothing

procedures), we have used a standard data procedure, using for this modality

a concentric scatterer distribution. To compare simulated images to real data,

we use manually segmented real images, that correspond to the validated data

procedure. In a manually delineated structures of IVUS images, we extract the

position radius Rk of lumen, intima, media adventitia and transducer sheath.

Figure 25 shows typical 2D spatial scatterer distributions obtained from stan-

dard procedure for the most important arterial structures and the scatterer

artefact caused by the transducer sheath.

The radial scatterer distributions play a crucial role in the definition of the

IVUS images because they define the ultrasound attenuation in the axial di-

rection. Medical doctors have special interest in grey level transition in the

interface of two media. For instance, the lumen/intima transition defines the

frontiers of the lumen. These transitions can only be found through a good

radial scatterer distribution.

The radial scatterers distribution of the typical arterial structures and the

transducer sheath are shown in Fig. 26.

0.6.2 DBC distribution

The k-layers DBCk values for a typical simulated arterial structure are shown

in Fig. 27 and Fig. 28. There the count of scatterers of each tissue is shown

as a function of the cross section of scatterers. The numerical values are given

in Table 3 [27].

0.6.3 IVUS image features

0.6.3.1 Spatial Resolution

A good spatial resolution gives the possibility of improving the visualization of

the lumen/intima transition and studying the structures that means an impor-

tant information for medical doctors. Typical numerical parameters such as:

Scatterer number Nk, k-layer average radal position Rk, its standard deviation

ηk, the DBC k-layer mean µk, and its standard deviation σk are given in Table
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Figure 25: Typical concentric 2D scatterer distribution for the most important

simulated arterial structures (blood, intima, media, and adventitia) and the

scatterer artefact generated by the transducer sheath.

3. The typical IVUS parameters used in this simulation are given in Table 4.

The typical cell nuclear size was obtained by Perelman et al [22]. In Fig. 29 we

can observe the dependency of axial resolution and the ultrasound frequency.

To illustrate this, four IVUS simulated images are shown. Low frequency rang-

ing from 10 to 20 MHz correspond to an axial resolution from 154 to 77 µm,

intermediate frequency from 20 to 30 MHz gives axial resolution from 77 to

51 µm. In these cases, it is possible to visualize accumulations around 100

RBCs High frequency from 30 to 50 MHz lead to 51 to 31 µm of axial reso-

lution. Moreover, it is now possible to visualize accumulations of tens RBC’s.

The IVUS appearance improves when the frequency increases, allowing that

different structures and tissue transition interfaces are better detected.
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Figure 26: Radial scatterer distribution for the arterial structure: blood, in-

tima, media, adventitia, and the transducer sheath.

(a) (b)

Figure 27: DBC distributions of simulated arterial structures, blood (a) and

intima (b).
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(a) (b)

Figure 28: DBC distributions of simulated arterial structures, media (a) and

adventitia (b)

0.6.3.2 Optimal Ultrasound Frequency

In order to validate our model, we compare synthetic to real images. We gen-

erated synthetic images for a great rank of frequency and used cross validation

method [23] to find out the most similar image to the real one generated by

Boston Sci. equipment at 40 MHz of frequency. The sum square error (SSE)

from the real to the simulated images for each ultrasound simulated frequency

is computed. Fig. 30 (a) shows the SSE versus ultrasound frequency. The opti-

mal frequency is located in the interval of 40 to 50 MHz. Note that the central

frequency of Boston Sci. equipment is 40 MHz, therefore it can be considered

as an evidence to show the correctness of the method.

0.6.3.3 Optimal Attenuation Coefficient

We have emulated synthetic IVUS images with different attenuation coeffi-

cients, the optimal attenuation coefficient was tested by applying the cross

validation method of the synthetic images vs the real images. Fig. 30 (b)

shows SSE vs attenuation coefficient α, the optimal attenuation coefficient ob-

tained was 0.8 dB/[MHz cm]. There is a range of suboptimal attenuation

coefficient values for a fixed ultrasound frequency; it is due to the great axial

variability of scatterers. However, the attenuation coefficient can be taken as

constant for each simulated region [28], although in the transition zones (lu-

men/intima, intima/media and media/adventitia) the attenuation gives great

variability. For this reason, we must average the attenuation coefficient value.
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Rk ηk (DBC)µk σk

k structure Nk [mm] [mm] [m2] [m2]

×e − 6 ×e − 6

0 Transducer 475 0.59 0.05 7.2e-1 2.68e-2

1 Blood 6204 1.57 1.22 9.0e-2 9.48e-1

2 Intima 729 2.18 0.25 8.2e-1 2.86e-2

3 Media 150 2.38 0.35 3.3e-3 1.82e-1

4 Adventitia 25794 3.44 3.02 7.3e-1 2.71e-2

Table 3: An example of simulated values of arterial structures: Nk is the

scatterer number, Rk is the mean radial position, ηk is the radial deviation, µk

is the backscattering cross section and σk is the DBC deviation.

It is very important to find out that the optimal frequency is approximating

the standard central ultrasound frequency 40 MHz and that the attenuation

coefficient is near to the standard values of biological tissues being this from

0.5 to 1 [dB/MHz cm]. This result can be used in different ways: First, to

check the used simulation parameters in the case of ultrasound frequency, and

second to find structures of interest when the attenuation coefficient is known.

0.6.3.4 The beam number influence

Fig. 31 shows the appearance of several simulated IVUS images when the

original and intermediate beam numbers are changed. We obtained the best

appearance when the original beam number was 80 and the secondary beam

was 240. In total, 320 beams were used by the simulation. We can see that

the IVUS appearance in the tangential direction is affected significantly by the

beam number change. The total beams for the standard IVUS equipment is

normally between 240 to 360 beams [24].

0.6.4 Real vs simulated IVUS

In order to compare the real and simulated IVUS images, we have generated 20

synthetic images with morphological structures corresponding to the structures

of a set of real images. We have used a real IVUS image with manually delim-
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parameter magnitude

Ultrasound sound speed 1540 m/s

Maximal penetration depth 2e − 2 m

Transducer angular velocity 1800 rpm

Transducer emission radius 3e − 4 m

Attenuation coefficient α 0.8 dB/[MHz cm]

Ultrasound frequency 10 to 50 [MHz]

Beam scan number 160 to 400

Video noise 8 [gray level]

Instrumental noise 12.8 [gray level]

beta parameter β=38.5 [ad]

Table 4: Typical IVUS simulation magnitudes

ited lumen, intima, and adventitia to obtain the average radius location, Rk for

each arterial structure. We applied the optimal frequency of 46 MHz and atten-

uation coefficient 0.8 [dB/MHZ cm]. Figure 32 (a) shows an IVUS real image

of right coronary artery, obtained by a 40 MHz Boston Sci. equipment. Fig.

32 (b) shows a simulated image obtained at the optimal ultrasound simulation

frequency 46 MHz. In the real image, we can observe a guide zone artifact (12

to 1 o’clock) due to the guide presence; this artifact will not be simulated at

this study. The horizontal ECG base line appears as an image artefact on the

bottom of the real image. The global appearance of each image region (lumen,

intima, media and adventitia) and their corresponding interface transitions (lu-

men/intima, intima/media and media/adventitia) are visually well contrasted,

compared to the real image. A good quantitative global measure for compar-

ison is the average grey level projection that allows a simple form to find the

main image correlated characteristics in an 1D shape grey level profile. Gray

level base line, video noise, instrumental noise, reticle influence and the main

grey level distribution incoming from the main arterial structures are roughly

visible from the grey level average projection. The average grey level projection

gives a global measure of similarity between real and simulated images. The

similarity measured can be computed for example by the local attenuation co-

efficient of the projection profile of each ROI [28]. Fig. 33 gives the projections

in the horizontal and vertical direction for the real (Fig. 32(a)) and simulated

(Fig. 32(b)) IVUS images. The correlation coefficients, m and b (Fig. 34) for
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(a) (b)

(c) (d)

Figure 29: Synthetic images generated by low frequency: 10 MHz (a) and 20

MHz (b), intermediate frequency of 30 MHz (c) and high frequency of 50 MHz

(d).

the gray level average projection in the horizontal (m = 0.63, b = 13.53) and

vertical (m = 0.75, b = 9.07) directions, show a positive correlation between

the real and simulated data. Fig. 35 shows two selected regions of interest,

of the real (Fig. 32 (a)) and simulated (Fig. 32 (b)) image. We can see a

good gray level distribution and a soft grey level decay from the center to the

peripheries of the IVUS image, produced by the inverse relation between the

ultrasound intensity and the penetration depth. The other reason is that the

normal attenuation is caused by the scattering intensity given by the tissue
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(a) (b)

Figure 30: The optimal ultrasound simulation frequency fo ≈ 46MHz (a) and

the optimal attenuation coefficient (b) α ≈ 0.8dB/(MHz cm) are obtained by

the cross validation method.

impedance. The Fig. 36 show grey level average profiles in vertical direction

Fig. 36 (a) and (c) and horizontal direction Fig. 36 (b) and (d) of the se-

lected ROIs from Fig. 32 (a) and (b). The linear correlation coefficients, m

and b (Fig. 37) for the grey level average projection in the horizontal direction

(m = 0.87, b = 4.91) and vertical direction (m = 0.85, b = 5.79), show a sig-

nificant grey level correspondence between the real and simulated ROIs image.

0.6.5 Polar images

A polar representation of IVUS images offer several advantages: 1) The ROIs

to study are very easy to be selected. 2) We can compare the artifact generated

by the smoothing procedures. 3) Radial and angular comparison are totally

separated, therefore the transition zones in each directions are very easy to be

observed. Fig. 38 shows a real (a) and simulated (c) cartesian IVUS images

and the corresponding real (b) and simulated (d) polar transformations. A

ROI was selected from the real and simulated polar images and the correlation

coefficients were obtained. Figure 39 (a) shows the grey level average vertical

projection for the real and simulated ROIs data (delineated in red in Fig. 38).
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(a) (b)

(c) (d)

Figure 31: Different combinations of original (NH) and intermediate (nh)

beams yield different IVUS appearance.

We can see that the grey level profile of the transition of arterial structure in

the lumen/intima, intima/media and media/adventitia are very well simulated,

being the linear correlation coefficients m = 0.93 and b = 1.61 (Fig. 39 (b)).

The global horizontal profile of the polar images along the projection θ (Fig.

40 (a) and (b)) gives a very important and comparative information about the

real and simulated gray level avereage of arterial structures. The information

that can be extracted is relative to the global gray level distribution. The

histogram (Fig. 40 (b)) of grey level differences between the horizontal profile

of real and simulated data, indicates a very good correspondence (mean µ = 8.5
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(a) (b)

Figure 32: Real (a) and simulated (b) IVUS images segmentation. ROIs are

given as squares. Manual segmentation of the vessel is given in (a).

(a) (b)

(c) (d)

Figure 33: Horizontal (a) and (b) and vertical direction (c) and (d) gray level

profile average projections, from real (Fig. 32 (a)) and simulated (Fig. 32 (b))

IVUS images.

and deviation σ = 10.2). Fig. 41 (a) shows the global projection in the radial

direction (the vertical profile). We can see a very good correspondence between
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(a) (b)

Figure 34: We obtain the horizontal correlation using (a) vs (b) from Fig. 33

and the vertical global correlation using (c) vs (d) from the same figure.

(a) (b)

Figure 35: Real (a) and simulated (b) IVUS image ROIs

the gray level shape profiles (mean µ = 5.7 and deviation σ = 8.5 ). The

histogram (Fig. 41 (b)) of grey level difference confirms the good correlation

between the real and simulated IVUS data.
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(a) (b)

(c) (d)

Figure 36: Horizontal (a) and (b) and vertical (c) and (d) projections of (Fig.

35(a)) and simulated (Fig. 35(b)) ROIs IVUS images.

(a) (b)

Figure 37: Grey level average correlation, horizontal projection simulated (pxs)

vs real(px), obtained from Fig. 36 (a) vs (b) and vertical simulated (pys) vs

real (py) data, from Fig. 36 (c) vs (d).

The maximal difference profiles are localized in the transducer sheath gray level

distribution, and the base line of the transducer sheath inner region. These dif-

ferences can be smaller increasing the video and instrumental noise. The high
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(a) (b)

(c) (d)

Figure 38: Real (a) and simulated (c) cartesian images and their corresponding

real (b) and simulated (d) polar transformation.

frequency oscillations in the gray level profiles come from the concentric ar-

terial structures. We can also observe the gradual reduction of the gray level

magnitude from intima/media interface to adventitia, caused by the ultrasound

intensity attenuation.

Next step of the validation of the model is to show the significant correspon-

dence between real and simulated gray level distribution data in the medical

zones of interest. To this purpose, 20 validated real IVUS images and their cor-

responding ROIs were selected. The spatial boundaries of the morphological

structures of the real data are kept in the synthetic data. Fig. 42 (a) shows 10

real and their corresponding simulated (b) synthetic images. The polar images

are shown in figure 43.
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Figure 44 shows the simulated vs real gray level correlation for the polar ROI’s

images selected as shown in Fig. 38. The linear correlation coefficients show

a good gray levels correspondence, being these m=0.90 and b=1.42. The best

correspondence is located by low gray levels (20 to 40 gray levels), lumen scat-

terers, lumen/intima transition, and adventitia. The transition of intima/me-

dia and media/adventitia (45 to 60 gray levels) indicate a gradual dispersion.

The CNRS average presents a significative uniformity values, µ = 6.89 and

σ = 2.88, for all validated frames. The contrast to noise ratio CNRS as figure

of merit for each arterial validated region is shown in Fig 45. The CNRS region

mean, standard deviation, and the SSE values referring to the 20 image frames

are summarized in table 5. The lumen is a good simulated region, mean,

ROI mean std SSE

Lumen 0.46 0.42 47.68

Intima 10.0 4.38 12.63

Media 9.91 5.14 15.05

Adventitia 7.21 2.76 4.28

Table 5: CNRS mean, standard deviation (std) and sum square error for dif-

ferent tissues structures.

µ = 0.46 and deviation σ = 0.42. The explanation is that the lumen is not a

transition zone, the attenuation ultrasound intensity in this region is very poor

(1 to 2%), which determines a simple grey level profile.

The histogram grey level differences for each region of interest in the 20 val-

idated frames are displayed in Fig. 46 and Fig. 47. Table 6 explains the

distribution center, µ and the standard deviation, σ for the grey level differ-

ence distribution for each simulated region. The minus sign in the mean values

ROI µ σ

Blood -2.44 15.13

Intima -18.56 24.01

Media -17.82 22.62

Adventitia -13.30 14.27

Table 6: Mean and deviation of the ROIs gray level differences referred to

histogram from Fig. 46 and Fig. 47.
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means that the simulated images are brighter than the real images. A sym-

metric Gaussian can be seen in the lumen gray level differences distribution,

with mean µ = −2.44 and deviation σ = 15.13. The intima distribution has a

mean of µ = −18.56 and deviation of σ = 24.01, and the media region has a

mean of µ = −17.82, and a deviation of σ = 22.62. The grey level differences

distribution displays a light asymmetry. As a result, the simulated image tends

to be brighter than the real image. The adventitia gray level differences values

show a symmetric distribution with a center of µ = −13.30, and a deviation of

σ = 14.27.

It is very important to note that the gray level difference distribution exhib-

ited Gaussian distributions for all regions of interest. Certainly, the synthetic

image brightness is an pen problem of the image formation model. A simplest

approach is to variate it by modifying the original intensity Io of the ultrasound

beam, similar to the offset of the image acquisition system. Real and simulated

gray level distributions for each region of interest are shown in Fig. 48 and Fig.

49. We can note the great similarity in the grey level distributions profile.

Figure 50 shows the grey level histogram of the different tissues structures that

appear in IVUS images. As expected, it can be seen that the grey level the

distributions of different structures overlap and as a result it is not possible to

separate the main regions of interest in IVUS images, using only the gray level

distributions as image descriptors.
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(a) (b)

Figure 39: Real(in blue) and simulated (in red) grey level vertical profile (a)

of ROIs of Fig. 38 (b) and data correlation (b).

(a) (b)

Figure 40: Global projections in direction θ (a), from Fig. 38 (b) and (d), the

corresponding histogram grey level differences (b).

(a) (b)

Figure 41: Global projection in R direction (c), from Fig. 38 (b) and (d), the

corresponding histogram gray level difference are shown in (b).
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(a) (b)

Figure 42: 10 original IVUS images (a) and the corresponding simulated (b)

images.
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(a) (b)

Figure 43: 10 polar real images (a) and the corresponding simulated (b) images.
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Figure 44: Simulated vs real gray level values for 20 ROIs comparing pixel grey

level and the regression line.
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Figure 45: CNRS values for each ROIs of 20 manually segmented image frames.

52



(a) (b)

Figure 46: Histogram of grey level differences for lumen (a) and intima (b).

(a) (b)

Figure 47: Histogram of grey level differences for media (a) and adventitia (b).

(a) (b)

Figure 48: Real (in blue) and simulated (in red) grey level distributions for

lumen (a) and intima (b)
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(a) (b)

Figure 49: Real (in blue) and simulated (in red) grey level distributions for

media (a) and adventitia (b)

Figure 50: Simulated grey level distributions for blood, intima, media and

adventitia.
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Conclusions

0.7 Conclusions

Although IVUS is continuously gaining its use in practice due to its multi-

ple clinical advantages, the technical process of IVUS image generation is not

known by doctors and researchers developing IVUS image analysis. This fact

leads to a simplified use, analysis and interpretation of IVUS images based only

on the grey level values of image pixels.

In this chapter we discuss a basic physical model to generate synthetic 2D IVUS

images. The model has different utilities: Firstly, expert can generate simu-

lated IVUS images in order to observe different arterial structures of clinical

interest and their grey level distribution in real images. Secondly, researchers

and doctors can use our model to learn and to compare the influence of different

physical parameters in the IVUS image formation, for example: the ultrasound

frequency, the attenuation coefficient, the beam number influence, and the ar-

tifact generations. Third, this model can generate large database of synthetic

data under different device and acquisition parameters to be used to validate

the robustness of image processing techniques. The IVUS image generation

model provides a basic methodology that allows to observe the most important

real image emulation aspects. This initial phase does not have the intention to

compare pixel to pixel values generation, showing the coincidence with the real

image, but looks for a global comparison method based on gray level difference

distribution. The input model applies standard parameters that have been

extracted from the literature. Hence this model is generic in terms that the

model allows simulating different processes, parameters, and makes possible to

compare to real data and to justify the generated data from the technical point

of view.

The model is based on the interaction of the ultrasound waves with a discrete

scatterer distribution of the main arterial structures. The obtained results of

the validation of our model illustrate a good approximation to the image for-
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mation process. The 2D IVUS images show a good correspondence between

the arterial structures that generate the image structures and their gray level

values. The simulations of the regions and tissue transitions of interest lu-

men, lumen/intima, intima/media, media/adventitia and adventitia, have been

achieved in a satisfactory degree. Interested readers are invited to check the

generation model in (http://www.cvc.uab.es/∼misael).
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Question and Answer

0.7.1 Questions

(Q1) Which qualitative phenomenon and parameters are possible to be ob-

served using IVUS technique ?

(Q2) Which principles is IVUS data acquisition based on ?

(Q3) What are the principal limitations of the IVUS technique ?

(Q4) How is the distance to reflecting object by ultrasound technique deter-

mined ?

(Q5) What is the attenuation coefficient ?

(Q6) What are the axial and radial resolution ?

(Q7) What is the usual IVUS resolution ?

(Q8) How many scatterers structures are taken into account by a basic IVUS

image model ?

(Q9) How are the 1D and 2D echograms generated ?

(Q10)What are the steps followed in the generation of an IVUS image ?

0.7.2 Answers

(A1) The introduction in the field of the medical image of the IntraVascular

UltraSound (IVUS) as an exploratory technique has made a significant change

to the understanding of the arterial diseases and individual patterns of dis-

eases in the coronary arteries. IVUS technique visualizes the cross-section of

the artery allowing an evaluation of the plaque as well as of the different layers

from the arterial wall. The IVUS image provides qualitative information about:

The causes and severity of the narrowing of the arterial lumen, distinction of

thrombus of the arteriosclerotic plaque, recognition of calcium deposits in the

arterial wall, unexpected evaluation of the awaited changes and complications

in the coronary arteries after an intervention as angioplasty, evaluation and di-

agnose of coronary arterial aneurysms, diagnose of fissures of arterial coronary

plaques: determination and location, dimensions, type (eccentric and concen-
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tric) and composition of the arteriosclerotic plaque.

(A2) The IVUS technique is based on the reception and transmission of the

high frequency sound waves. The transmitted wave propagates through the

material until striking the reflecting object. The reflected wave returns and is

received by the pivoting transducer. The time between the transmission and

the reception of the wave is directly related to the distance between the source

and the reflector. A standard configuration of IVUS acquisition images consists

of three components: A catheter with a piezoelectric transducer miniaturized,

the pull-back unit and the console to reconstruct the images. IVUS catheter

has a rank of measures that oscillates between 2,9 to 3,5 F (0,96 to 1,17 mm)

of diameter. The quality of the image depends on the operation frequency,

being this of the order of 20 to 50 Mhz, the lateral resolution is approximately

of order of 113 µm and the axial resolution is of order of 80 µm. The IVUS

image acquisition process, is initiated when the catheter is manually (guided

by the angiography) inserted within the artery. The catheter pullback is made

at linear constant velocity (usually 0.5 mm/s), and constant angular velocity

of 1800 rev/min. The pivoting transducer sends a radially focused beam of

ultrasound and receives its corresponding echoes. The obtained radial lines

for different transducer angular positions are adequately processed, giving as

a result a 2D cross section artery image. The sequence can be shown as a

longitudinal sequence, which gives a longitudinal artery cut. The resolution

of a ultrasound image is directly related to the ultrasound signal frequency,

high frequencies allow to obtain better resolution. Nevertheless, increasing

the frequency, the attenuation of the waves of ultrasound increases while pen-

etrating the biological tissue. The typical frequencies of IVUS technique are

in the rank from 20 to 50 MHz, allowing to obtain inferior resolutions of 50 µm.

(A3) The precision in the measurements of distance by the IVUS technique are

subject to the following potential sources of error: a) Incorrect identification

of the surface and the sections to be measured, b) Assumption that the sound

speed is constant in the arterial structure, which brings as a consequence the

propagation of the error to the location of each one of the structures in study.

c) Artifacts caused by inhomogeneities in the rotation of the catheter and pro-

nounced reverberations generated by very acute irregularities of the vessel. f)
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Presence of zones of acoustic shade which prevents to access certain regions of

interest, g) The presence of the catheter, the reticule and the guide leading to

troublesome for the processing of the images. h) Impossibility of catheter spa-

tial location. The impossibility to locate the catheter with respect to a specific

axis of coordinates makes impossible any attempt of three-dimensional repre-

sentation of the vessel only with IVUS technique, i) Impossibility to evaluate

dynamic parameters, different from the single static characterization using the

grey levels.

(A4) The determination of the distance D between the emitter/receiver and the

reflecting object is done from the difference of time between the transmitted

pulse Po and the received pulse P1 assuming that the pulse speed c is constant.

(A5) The attenuation coefficient, α gives the rate of diminution of average

power with respect to the distance along a transmission path. It is composed

of two parts, one (absorption) proportional to frequency, the other (scatter-

ing) dependent on the ratio of grain, particle size or the scatterers number

located along the ultrasound beam path. Since the attenuation is frequency

dependent, a single attenuation coefficient only applies to a single frequency.

The attenuation coefficient of ultrasound is measured in units of dB/cm. In

biological soft tissues, the ultrasound attenuation coefficient is roughly propor-

tional to the ultrasound frequency (for the frequency range used in medical

imaging). This means that the attenuation coefficient divided by the frequency

(unit dB/MHz × cm) is nearly constant in a given tissue. Typical soft tissue

values are 0.5 to 1.0 dB/MHz × cm.

(A6) a) The axial resolution is the capacity that the ultrasound technique has

to separate the spatial position of two consecutive scatterers through its time

corresponding echoes or temporary delay. The axial resolution of this technique

depends essentially on two factors: The ultrasound speed c and pulse duration

dt. The functional dependency between the spatial resolution, the frequency

and the ultrasound speed propagation, is given by: dr = c
f
, where c is the ul-

trasound speed for biological tissues and f is the ultrasound frequency. b) The

angular resolution is the capacity to discern two objects or events located in

the tangential direction and depends on the beam width. The tangential or lat-
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eral resolution of a ultrasound emitter of diameter, D that emits by frequency

f is given by: dθ = 1.22 λ
D

, where λ = c/f and D is the transducer diameter.

(A7) The axial resolution at frequency of 30 MHz is approximately: dr =

1540/(30 × 106) = 0.05 mm ≈ 50µm and the typical lateral resolution is

dθ ≈ 0.10
o

.

(A8) The scatterers structures to be simulated can be classified in 3 groups:

Tissue structures, non tissue structures and artifacts. The tissue scatterers, are

determined by the contribution of the normal artery structure, corresponding

to: lumen, intima, media and adventitia. Non tissue scatterers, these contribu-

tions can be originated by structures formed by spatial calcium accumulation,

which are characterized because the density is greater than the rest of the ar-

terial structure. Artifacts scatterers are caused by the sheathing transducer.

(A9) To obtain an 1D echogram, a ultrasound pulse is emitted by the trans-

ducer. The pulse moves axially through scatterers, its intensity distribution

decreases with the penetration depth and the scatterers numbers on the ultra-

sound way. The echoes amplitude is registered by the transducer as a signal

function of time S(t). The value is transformed to penetration depth replacing

t = x/c and normalized to grey scale. The procedure to obtain the 2D IVUS

echogram is the following: A rotatory transducer at angular velocity, ω is

located at the center of the simulated arterial configuration. The transducer

emits a ultrasound pulse radially focused at frequency, fo along angular di-

rection, θ1. The pulse progressively penetrates each one of the layers of the

simulated arterial structure. Each one of the layers generates a profile of ampli-

tude or echoes in the time, that can be transformed into a profile of amplitude

as a function of the penetration depth. This procedure is made n-times for the

angles, (θ1, ..., θn) and the 2D image is generated.

(A10) The procedures to obtain the final IVUS simulated image is as follows:

1) The echoes are obtained by the pivoting transducer. 2) Each echo profile

is assigned at the corresponding angular position. 3) The original image is

transformed to a polar form. 4) Secondary beams are computed between two

original neighbor beams. 5) The image is smoothed by a 2×2 median filter. 6)
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The image is again transformed to cartesian form. As a result of this transfor-

mation, a significant number of pixel is empty. 7) The empty pixels are filled

in a recursive way, using for this an average of the eight nearest neighbors. 8)

An image reference reticle is added and a gaussian filter is applied.
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