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Figure 8.3 Intravascular echogram (a) and elastogram (b) of a diseased human femoral
artery with the corresponding histology: (¢) Picro-Sivius-red, (d) polavised light microscopy
of picro-Sirius red (e) anti-Alpha actin and (f) anti CD-68 auntibody. The echogram reveals
an eccentric plague hetween 9 and 3 o’clock. The elastogram reveals low strain in the plaque
(0.24%), a similar strain in the non-diseased vessel wall between 3 and 7 o’clock (0.32%) and a
high strain in the vessel wall between 7 and 9 o’clock (0.96%). The histology reveals a fibrous
composition of the plaque (c,d & e). The region with high strain contains fatty foam cells at
the lnmen-vessel wall boundary and an increased macrophage activity (f) indicating this region
as an erosive plague region.



8.3. RESULTS 105

Table 8.1 Strain and Pressure strain modulus for the different plagne types and normal
vessel wall,
Strain [%] Pressure-Strain Number
Median modulus [kPa]
Fibrous tissue 0.27 493 48
IFibro-fatty tissue 0.41 324 25
Fatty tissue 0.66 202 7
Normal vessel wall 0.44 302 16
Total number
of regions 95

8.3 Results

In this study, 35 cross-sections were analysed from 9 arteries. The cross-sections were
segmented in regions (n=95). The majority of regions (Table 8.1) contained fibrous
material (51%), the minority fatty material (7%). 26% was mixed fibro-fatty material
and 17% of the regions contained non-discased vessel wall material.

An IVUS echogram and elastogram are presented in figure 8.3. The echogram reveals
an eccentric plagque between 9 and 3 o'clock (region I). The elastogram shows that the
strain in the plaque is low. The strain in the vessel wall was similar to the strain in the
plaque except for the region between 7 and 9 o’clock (region III): increased strain values
were found in this region. The histology revealed that the dominant plaque component
was fibrous material. The vessel wall with increased strain values has fatty tissue com-
ponents at the lumen vessel-wall boundary with fibrous tissue components more distally.
Additionally, an increased macrophage concentration was found identifving this region
as an erosive plaque region. Note that the echogenicity among these regions was sim-
ilar implying that the difference in composition between this region and the remaining
arterial wall could not be made using the IVUS echogram.

Another example is presented in figure 8.4. The IVUS echogram (Fig. 8.da) shows a
concentric plaque with different echogenicities. The elastogram reveals two regions with
low strain values and two regions with increased strain values. The histology reveals that
the regions with increased strain correspond to lipid rich regions and the regions with low
strain values to fibrous plaque components. The difference between the different regions
could not be observed using the echogram since the echointensity between region III and
region IV is similar but the dominant tissue type is not.

The box-and-whisker plot shows the median, lower and upper quartiles and the extend
of the data for the four tissue types (Fig. 8.5). The strain in fibrous tissue is lower than
the strain in fibro-fatty tissne. Fatty tissue components ave softer than fibro-fatty and
fibrous tissue components. A highly significant difference for the strain among the four
groups is observed (p < 0.001). Table 8.2 reveals that differences hetween fibrous and
fatty and between fibrous and fibro-fatty arve significant. Table 8.3 reveals that there is
no difference in echogenicity for the three different plaque types (p=0.922). The echo

Table 8.2 Differences between strain values (p-values from Wilcoxon test)
| [ Fibrous - FibroFatty | Fibrous - Fatty | FibroFatty - Fatty |
| p-value | 0.012 | 0.0012 [ 0.024 |
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Figure 8.4 Intravascular echogram (a) and elastogram (b) of a diseased human femoral
artery with the corresponding histology: (¢) Picro-Sirins-red, (d) polarised light microscopy
of picro-Sirius red (e) anti-Alpha actin and (f) anti CD-68 antibody. The echogram shows a
concentric plaque with different echogenicities for the regions. The elastogram reveals two soft
regions (Region I and region I11) and two harder regions (region I and IV). The histology reveals
that the two soft regions contain fatty material and the two harder regions mainly contain fibrous
material (¢,d & e). The macrophage concentration is also increased in the soft regions (f).
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Figure 8.5 Box and whisker plot of the four tissue types. The boxes have lines at the lower

quartile, median, and upper quartile values. The whiskers ave lines extending [rom each end ol
the box to show the extend of the data. The plot reveals a difference hetween the three plague
tyvpes. A highly signilicant difference between the groups is found using the Kruskall-Wallis test.

intensity did not differ between fibrons and lipid rich tissue implying that regions that
conld be demarcated within the elastogram could not be identified in the still frame IVUS
echogram by eyeballing. A tendency for higher echogenicity within the normal arterial
wall is observed.

8.4 Discussion

The composition and morphology of the atherosclerotic lesion rather than the degree
of stenosis is eurrently considered an important determinant for clinical complications
(Lee & Libby, 1997; Richardson et al., 1989; Loree et al., 1992; Lendon et al., 1991;
Moreno et al., 1994). Imaging modalities capable of characterising the tissue of the
atherosclerotic lesion may help us to understand its natural history and detect lesions
with high risk for acute events. The increased desire for knowledge on the course and
mechanism of acute coronary occlusion has emerged since pharmaceutical lipid lowering
strategies have shown to impair the incidence of cardiac related events (Jukema et al.,

1996; Cobbaert et al., 1997).

Table 8.3 Echo intensity for the different plaque types and normal vessel wall.
Echo-intensity Upper & Lower Number
quartiles J
Fibrons tissue 22.6 17.8-32.3 48
Fibro-fatty tissue 26.4 17.4-31.9 25
Fatty tissue 23.0 13.6-42.1 T
Normal vessel wall 33.8 27.0-39.1 16
test p= (.992 total mumber of regions 95
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In this study, the characterisation capabilities of intravascular elastography were in-
vestigated. 95 regions were selected from 35 cross-sections in 9 arteries based on their
clastographic (strain) values. After ultrasound imaging, the dominant tissue type in
these regions was determined by immuno-staining. The principal findings in this study
were:

1. In human femoral artery specimen, the elastogram is capable of demarcating regions
within the plaque representing differences in strain whereas in the still frame 1VUS
image these regions could not be discriminated.

2. These differences in strain as observed within the elastogram were associated with
differences in tissue types: lipid rich regions revealed significant higher strain values
compared with fibrous rich regions.

The result of this study demonstrates that characterisation of different placque com-
ponents is feasible with intravascular elastography. A great advantage of this technique
is that it is based on clinical available instruments. This in contrast to other imag-
ing techniques capable of characterising plaques such as optical coherence tomography
(Brezinski et al., 1997), angioscopy (Feld et al., 1996: Thieme et al., 1996) and Raman
spectroscopy (Romer et al., 1998) that still have to be developed for in vive applica-
tions. The data processing now performed off-line still has to be implemented in the echo
apparatus. For an clastogram, only two IVUS echograms are required, obtained at two
different intraluminal pressures. In wivo, different pressures ave already present due to
the pulsation of blood. This implicates that with only a pressure sensor and an IVUS
catheter all tools for in vive intravascular elastography are available. Thus, IVUS imaging
is a technique capable of providing both qualitative as well as quantitative information
of the atherosclerotic lesion.

The information in the elastogram is in principle independent of the echographic
information (de Korte et al., 1998¢),(Chapter 3). This is an important feature, since
characterisation of fibrous, fibro-fatty and fatty plaques based on the echogram only is
limited (Potkin et al., 1990; Yock & Linker, 1990). In this study, no significant difference
between the average echointensity for the three tissue types was observed. In figure 8.4,
region 1T and TV have similar echointensities but the elastogram reveals that region 1V
is hard and vegion III is soft. The histology corroborates these elastographic findings
since region IIT is mainly fatty and region IV is fibrous.

The measured average strain values were converted to a pressure strain modulus
(Chapter 6). The pressure-strain modulus of fibrous tissue (193 kPa) is approximately
two times the pressure-strain modulus of fatty tissue (202 kPa). The pressure-strain
modulus of mixed plagues has a value in hetween these two values (324 kPa). Although
these values ave higher than the static stiffuess as measured by Lee et al. (1992). the ratio
between the modulus of the two groups is similar. It has to be noted that the different
elastic moduli are highly dependent on the different measuring techniques (static, dy-
namic, circumferential, tangential etc) and experimental methods. For fatty tissue, the
mechanical properties are related to the cholesterol monohydrate concentration (Loree
et al.,, 1994Dh).
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8.4.1 Detection of vulnerable plaque

The primary aim of this study was to evaluate the capability of intravascular elastogra-
phy to characterise different plaque components. In patients suflering from cardiovascular
discase, plagque morphology is related with elinical presentation. Atherosclerotic plaques
observed in patients suffering from unstable angina and myocardial infarction have fea-
tures associated with local thrombus formation due to plagque rupture. The classical
vilnerable plaque consists of a thin fibrous cap overlying a large atheroma with local
inflammatory response beneath the surface of the cap. The present study shows that
IVUS elastography is able to differentiate hetween lipid rich and fibrous tissues within
the plaque. In addition, a thin fibrous cap is less able to bear the circmnnferential stress
applied on it with subsequent strain increase on the elastogram. Destruction of the colla-
gen fibers by local inflaimmation may further weaken the cap and reflect additional strain
increase on the elastogram. Thus, theoretically not only the lipid mass but also cap thick-
ness and local inflammatory response (Figures 8.3 and 8.4) may be reflected within the
clastogram which makes it potentially a powerful tool to visualise the vulnerable lesion.
Future validation studies are necessary to support this postulation.

8.4.2 Limitations of the study

The elastographic experiments arve performed in a watertank at room temperature. The
infraluminal pressure is applied with a water column system connected to the proximal
side of the arteries. The pressure is monitored at the distal side. A stable pressure was
only achieved if all sidebranches of the arteries were perfectly closed. In some specimen, a
total closure of all branches was not possible. Leakage of the intraluminal saline solution
resulted in a pressure drop and finally in a pressure differential less than 20 mmHg, A
pressure differential smaller than 20 mmHg leads to smaller strains. This inereases the
variance of the strain estimate for all three plaque type groups.

The elastographic measurements have heen performed in a watertank at 21°C' whereas
in wivo measurements arve being performed at 37°C. Since the mechanical properties of
the tissue in the arterial wall is likely to be different at 21°C' as compared with 37°C,
which is particularly the case for lipid cores, this temperature drop may bring forth
inaccuracy of the measurements presented. However, above 20°C' fatty tissues tend to
melt (Lundberg, 1985) and this will increase the difference between this tissue type and
fibrous tissues.

The elastograms were matched to the histology using the IVUS echogram. Although
the correlation between histology and IVUS echograms was alveady demonstrated by
many studies (Nishimura et al., 1990; Potkin et al., 1990; van der Lugt et al., 1995;
Gussenhoven et al., 1996, 1989), matching of the IVUS and histologic sections was not
possible in all cases. Especially matching of eross-sections with concentric plaque with a
lack of calcified areas was impossible in some cases. In the staining process, the position
of the marker was not always identifiable in the histologic sections. However, exclusion of
segments ocemrred without knowledge of the elastogram. Thus the present observations
may not be a result of selection bias.

This study was performed on excised femoral arvteries. The specimens were [rozen
after excision and thawed just before the ultrasound measurements. Freezing and thawing
tissue has no significant influence on the acoustical properties of the tissue (van der Steen
et al, 1991). Gow and Hadfield (1979) clearly showed that both the static and dynamic



110 VALIDATION OF IVUS ELASTOGRAPHY

clastic moduli of arteries were elevated atter excision and that further increases may occur
following cold storage. However, excision of the arteries and freezing the specimens before
the ultrasound experiments will effect the results badly when it has different infuence on
the different tissue components. Since this method will be evaluated in vivo, the effect
ol excision and freezing can be investigated.

The study was performed in atherosclerotic femoral arteries. It is unknown whether
these findings are applicable to the coronary circulation. However, previous studies
showed that plaque morphology within the femoral artery resembles atherosclerotic lesion
types as observed in coronary arteries (Pasterkamp et al., 1998, 1999).

8.4.3 Advancing intravascular elastography to #n wvivo applica-
tions

As already discussed, different pressure levels are normally present in human circulatory
system. In this study, the two echograms are acquired at 80 and 100 mmHg. These
pressures are in the range of the normal coronary pressure. Using time gated data
acquisition, datasets at different pressure levels can be acquired, which can be used to
determine elastograms.

Especially in coronary arteries, IVUS catheters will move in the lumen due to the
contraction of the heart. Not only movements in the plane of the cross-sections will oceur
but also movements along the long axis of the vessel. This movement along the axis of
the vessel will introduce ervors that can not be corrected for since data from different
parts of the artery will be acquired. However, initial measurements in human coronary
arteries in vivo, revealed that the motion of the catheter in the lumen is minimal near
end diastole while maintaining a pressure differential large enough to strain the tissue.

8.5 Conclusions

Intravascular elastography is a new technique that assesses the local mechanical proper-
ties of the vessel wall and plague. The three plaque components fibrous, fibro-fatty and
fatty tissue result in different mean strain values. Fibrous tissue has lower strain values
than fibro-fatty tissue and the latter one has lower strain levels than fatty tissue. Iden-
tification of the three tissue types based on the average echo intensity was not possible.
These results demonstrate the potential of IVUS elastograply to identify rupture prone

plaques.



Chapter 9

IVUS Elastography of Human
Coronary Arteries tn vivo

abstract

Background. The composition of the plaque is a major determinant of coronary related clinical
syndromes. In vitro experiments on human femoral artervies have demonstrated that different
plaque types were detectable with intravascular ultrasound elastography. The aim of this study is
lo investigate the feasibility to apply intravaseular elastography during interventional procedures
in the catheterisation laboratory.

Methods and results. Data were acquired in three patients with stable (n=2) and unstable
(n=1) angina pectoris with an EndoSonics InVision echoapparatus equipped with an rf-output.
The systemic pressure was used to strain the tissue. This strain was determined using crosscor-
relation analysis of sequential frames. A likelihood function was determined to obtain the frames
with minimal motion of the catheter in the lumen. Motion of the catheter prevents reliable strain
estimation. Minimal motion was observed near end-diastole. Reproducible strain estimates were
oblained within one pressure cycle and over several pressure cyeles. Validation of the resulls was
limited to the information provided by the echogram.

Coneclusion. In vivo intravascular elastography is feasible. Additional signal processing and

acquisttion schemes are requived to correct the arvlefacts due to the motion of the catheter.

9.1 Introduction

There is a great variation in stability of coronary atherosclerotic plaques. When coronary
How is limited by plaque, patients develop angina, which can be stable for years. However,
disruption of coronary plaques with superimposed thrombosis is the main cause of acute
coronary events, such as unstable angina pectoris, sudden coronary death and acute
myocardial infaretion (Falk, 1991; Fuster et al., 1992; Fuster, 1994; Kragel et al., 1991).
There are two major mechanisms underlying plaque disruption (Burke et al., 1997;
Davies, 1996): rupture of a fibrous cap of a lipid-rich plaque (Falk et al., 1995) and

based on the publication: " Combined assessment of morphologic and mechanic information of coro-
nary ateries: a feasibility study in vive” by Chris L. de Korte, Stephane G. Carlier, Frits Mastik, Anton
W, van der Steen, Patrick W. Serruys and Nicolaas Bom. Circulation: to be submitted; 1999
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denudation and erosion of the endothelial surface (Farb et al.. 1996; Fishbein & Sighel,
1996).

It is now widely accepted that the propensity of a lesion to rupture is poorly predicted
by coronary angiography (Lee & Libby, 1997; Falk et al., 1995). A major problem is
that vulnerability of plaque is not directly related to plaque size (Topol & Nissen, 1995;
Ambrose et al., 1988; Fishbein & Sighel, 1996) but that the plaque composition is a
major determinant (Davies, 1996; Lee & Libby, 1997). Using intravascular ultrasound,
the geometry of lnmen. plaque and vessel-wall can be obtained and is closely correlated
to clinical angina (Hodgson et al., 1993). However, identification of the different plaque
components is still imited (di Mario et al., 1992; Potkin et al., 1992) although some
promising ultrasound based techniques are currently being developed (Barzilai et al.,
1987; Bridal et al., 1997a, 1997h; Landini et al., 1986; Spencer et al., 1997; Wilson
et al., 1994).

There is a wide range of techniques that have potential to visualise or characterise the
plaque. Using scintigraphy, detection of plaque instability remained confined (Vallabha-
josula et al., 1988; Lees et al., 1988; Miller et al., 1991). Other potential techniques may
be magnetic resonance imaging (Merickel et al., 1993) or optical coherence tomography
(Brezinski et al., 1997; Tearney et al., 1997). With spectroscopy, certain plaque compo-
nents may be detectable (Toussaint et al., 1994) as well as with angioscopy (Feld et al.,
1996; Thieme et al., 1996) and Raman spectroscopy (Brennan III et al., 1997; Romer,
1999). Promising new techniques are electrical impedance imaging (Bouma, 1998) and
thermal examination (Casscells et al., 1996) of plaque surfaces since positive correla-
tion between plaque vulnerability and parameters obtained using these techniques were
found.

The main disadvantage of the techniques described above is that plaque vulnerability
is associated to indirect parameters like plaque geometry, content, colour or temperature
although plaque vulnerability is mainly a mechanical phenomenon: using computer sim-
ulations, concentrations of civcwmferential tensile stress were more frequently found in
unstable plaque than in stable plaques (Cheng et al., 1993; Richardson et al., 1989).
For example, a thin fibrous cap shielding a lipid core from the blood may rupture since
it is unable to bear the high circomferential stress due to the pulsating blood pressure.
These high stress regions can be caused by the geometry of the plaque (Loree et al.,
1992; Richardson et al., 1989) or by local weakening of the plaque due to macrophage
infiltration (Lendon et al., 1991).

In 1991, a new technique was proposed to directly measure mechanical properties
of tissue by ultrasound called elastography (Ophir et al., 1991). This technique was
developed using phantom studies (Céspedes, 1993a) and evaluated in vive (Céspedes
et al, 1993b). The underlying principle is that tissue is strained and that the strain
rate is related to the local mechanical properties. The local strain of the material is
obtained by means of comparing several ultrasound images. Currently, this technique is
developed for intravascular purposes (Chapters 3 and 7),(Ryan & Foster, 1997h; Shapo
et al., 1996h) and was recently applicd on human femoral arteries in vitro (Chapter 8).
These experiments revealed that the local strain as measured with intravascular elastog-
raphy is significantly different for fibrous and fatty plaque components. Furthermore,
this technique showed potential to identify plagque vulnerability. Since the radial strain
is obtained, the techunique may detect regions with elevated stress: an increased circum-
ferential stress will result in an increased radial strain of the material (de Korte et al.,
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1998h).

In this study, the feasibility to obtain elastographic images in vivo has been investi-
gated. Using data obtained from coronary arteries, elastograms were determined. The
pulsatile intracoronary pressure was used to obtain different levels of strain in the arterial
wall. Since the catheter was moving in the lumen due to the contraction of the heart, an
algorithm to determine the echo frames with minimal motion arterfacts was applied on
the data.

9.2 Patient description

Intravascular ultrasound (IVUS) data was obtained in three patients referred for percu-
taneous coronary intervention with stable (n=2) or unstable angina pectoris (n=1). All
the patients signed an informed consent. The culprit lesions to be treated were situated
in the left anterior descending artery (n=2) and the right coronary artery (n=1). After
intravenouns administration of 10,000 IU heparin and 250 mg acetylsalicylic acid, a 6 Fr.
guiding catheter was advanced up to the ostium of the involved artery. After coronary
injection of a bolus of 3 mg isosorbide dinitrate, pre-intervention IVUS assessment of
the lesion was performed with a MegaSonics® (EndoSonics, Rijswijk, The Netherlands),
a combination device consisting of an angioplasty balloon (3.5 mm diameter, length
20.0mm) and a 64 /X array IVUS transducer proximal to the balloon. Lesions were
crossed and imaged without complication. While the non-inflated balloon was crossing
the lesions, the absence of ischemia and angina permitted the search for a stable position
of the transducer in the center of the lumen offering the visualisation of a significant
plagque. The rf data were acquired as described below. The pressure was measured at
the level of coronary ostium via the guiding catheter connected to a standard Huid-line
syvstem (Ohmeda, Bilthoven, The Netherlands). (Ohmeda).

9.3 Methods

The 64 element phased array catheter with balloon was connected to an EndoSonics
InVision system. The system is equipped with an analog radio frequency (rf) data
output. This output provides the data used for making a ChromaFlo™ flow mode
image. In this mode, the catheter operates in linear instead of phase array mode thus
providing low resolution images (Borsboom et al., 1999). Each frame contained 64 angles
containing an rf-signal of 10ps (corresponding to 7.5 mm). These data were digitised
in a custom-made acquisition system, containing a Pentinm computer with a acquisition
board (Signatec, Corona, CA, USA) with 128Mbyte to store the of data at a sampling
rate of 200 NHz in 8 bits.

10 frames per second were acquired at cross-sections where the IVUS echogram re-
vealed diseased vessel wall and plagque. For determination of the strain, crosscorrelation
techniques were applied to the data. First the movement of the tissue along the ultra-
sound beam was determined. The local strain was obtained from this displacement. Due
to the contraction of the heart, the catheter will move in the lnmen. For large motion, the
frames acquired at the different intraluminal pressures may be misaligned thus hindering
adequate displacement estimates.
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Figure 9.1 Echogram (acquired in image and ChromalFlo mode) and elastogram of cross-

section in the LAD. The echogram (left) reveals calcificd material between 1 and 9 o'clock. The
elastogram shows low compression in this area and high compression in the remaining region
(hetween 9 and 1 o’clock).

An algorithmm to determine the similarity between sequential echo frames is used as
a figure of merit for the motion of the catheter in the lnmen. The normalised absolute
difference between two sequential echo frames is determined using the likelihood between
the frames. Next these values were scaled between 0 and 100%. 0% corresponds to
no similarity between the frames and 100% means that both frames were exactly the
same. Sequential frames with a high likelihood and a pressure differential large enough
to results in strain levels on the order of 1% are taken to caleulate the elastograms.

9.4 Results

In figure 9.1. two echograms and an elastogram ave presented. The data is acquired near
end-diastole from patient 1. The left echogram is the original echogram as produced using
the EndoSonics InVision system. The echogram reveals a highly calcified wall between 1
and 9 o’clock. The region between 9 aud 1 o’clock contains no calcitied material. The low
resolution echogram in the middle is the echogram determined directly from the rfi-data.
Since the rf-data is acquived in ChromaFlo”™ mode, only 64 angles are available at low
resolution. The elastogram (Fig. 9.1 left) shows very low strain values between 1 and 9
o’clock corresponding to the calcified area. The region between 9 and 1 o’clock has high
strain levels, indicating soft material in this region.

The reproducibility of the technique in vivo is illustrated in figure 9.2. The echogram
of this cross-section of patient 2 shows a eccentric plague between 3 and 9 o'clock. At 8
o'clock, a calceified deposit is visible in the plagque. The pressure curve is plotted together
with the likelihood curve. Relating the likelihood curve to the pressure curve reveals
that the sequential frames have the best match near end-diastole which corresponds well
to the absence of movement and contraction in this phase of the heart cycle. As can
be appreciated, the pressure differential between frames at this point in the pressure
curve is in the order of 5 mmHg. This pressure differential is large enough to strain the
vessel wall and plaque between 0 and 1% . Over the five cycles the elastograms have a
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similar appearance. The arterial wall between 9 and 3 o’clock has moderate to high strain
levels. At 3 o'clock, erroneous strain estimates can be observed caused by not properly
working transducer elements. This artifact was also visible when the ChromaFlo mode
was activated. The plaque area between 3 and 7 o’clock has low strain estimates. The
region corresponding to the caleified spot (as identified with the IVUS echogram), has
very low strain values.

Data from patient 3 is presented in figure 9.3. The pressure curve shows a diastolic
pressure of 105 mmllg and systolic pressure of 135 mmHg. The pressure curve is plotted
together with the curve representing the resemblance between the sequential echo-frames.
Again it can be observed, that during systole the resemblance between the frames is small
and that near end diastole the similarity between frames is high.

The IVUS echogram (upper right corner) reveals a concentric plaque in this artery.
The echogenicity of the plaque is lower than the echogenicity of the wall distal to it. A
strong reflection of the lumen - plague boundary is observed hetween 4 and 8 o'clock.
Between 11 and 1 o’clock the echogenicity is low and the thickness of the plaque is small.

Three frames near end diastole were taken to determine two elastograms. The pressure
differential hetween sequential frames is 3 - 4 mmHg. Both images indicate that the region
between 11 and 2 o’clock has high strain values indicating soft tissue. The region at 3
o'clock is relatively havd. The region between 3 and 6 o'clock has intermediate strain
values at the lumen vessel wall houndary and high strain levels distal to this region.
The region between 6 and 11 o’clock has low strain values. The similarity between the
2 frames is high, indicating that the determination of the strain values in one pressure
cyele is reproducible.

([21] ————

140

120

Pressure [mmidg]

100

S

a0 3 40 45 0
Frame no.

Strain [%4]
1La

. ll‘llw

Figure 9.2 Reproducibility of the elastographic acquisition over several pulsations., The
likelihood curve reveals that the catheter motion is minimal near end diastole. At this phase of
the heart cycle there is still a pressure differential between sequential frames. The region at 3
o’clock produces erroneous strain estimates due to malfunctioning catheter elements.
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Figure 9.3 Reproducibility of the elastographic acquisition in one pressure cycle. 3 frames

near end-diastole with a large likelihood were taken. The pressure differential between sequential
frames is 3 to 4 mmHg. The IVUS echogram reveals a concentric plague. The elastogram reveals
soft regions between 12 and 2 o’clock and between 4 and 6 o'clock. This information was not
found from the echogram.

9.5 Discussion

Identification of plague vulnerability is crucial. Currently, there is no clinically available
tool for a reliable detection of vulnerable plaque. Elastography is a promising technique,
capable of assessing the local mechanical properties of the vessel wall and plaque (Chapter
8): in witre experiments demonstrated that strain values obtained with intravascular
clastography differ significantly for fibrous and fatty plaque components. It was even
shown that fatty regions with an increased macrophage activity could be identified using
the elastogram.

In this study, in vive elastograms of diseased human coronary arteries are presented.
Contrary to a previons in vitro study (Chapter 8); a dynamic instead of static pressure
differential is used to strain the tissue. The advantage is that this excitation sonrce is
already present in the arterial system. Using gated acquisition, different levels of in-
travascular pressure were obtained. These preliminary results indicate that reproducible
clastograms can be obtained using this acquisition scheme.

Compared to the in vitro study, the pressure differential between the two frames is
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smaller: 3-4 mmHg instead of 20 mmHg. A smaller pressure differential will immediately
result in lower strain values. However, the strain values found in this in vive study were
in the same range as the strain values found in the in vitro study indicating that the
tissue in this study is softer. A possible explanation is that the elastic moduli of tissue
will be elevated after the tissue is excised (Gow & Hadfield, 1979) and may even further
increase after cold storage. Additionally, since the in vitro study was performed at room
temperature, fatty tissues will be harder than at body temperature (Lundberg, 1985)
resulting in decreased strain values.

Another potential source to strain the tissue is a compliant angioplasty type of balloon
with the transducer in the balloon as proposed by Shapo et al. (1996b). Although the
motion artifacts due to the contraction of the heart are minimised, this technique has
several disadvantages (interruption of the blood flow, non-radial expansion of the artery
when the lumen is not circular, movement of the transducer in the balloon due to inflation
of the balloon).

Contrary to the in vitro validation study, a phased array transducer, used every day
in our catheterisation laboratory for clinical purposes, was used for the data acquisition.
This monorail catheter presents better manageability than a single element catheter and
no artifact from the guide wire. Moreover, the use of an array catheter removes the
artifacts due to non-uniform rotation. Therefore, 2-dimensional instead of 1-dimensional
crosscorrelation techniques might be applied to determine the strain values. These tech-
niques are currently being implemented. In principle 2-dimensional crosscorrelation tech-
nique are more robust and should lead to more reliable strain estimates.

9.5.1 Limitations

A major problem of advancing intravascular elastography to cardiac in vive applications
is the acquisition of data in a pulsating artery located near a contracting muscle of the
heart. The catheter will move in the lumen and this will result in a mismatch of the data
acquired at the low and high pressure. Correct strain estimates are only obtained when
the two echoframes (at low and high pressure) image the same cross-section. This study
revealed that the motion of the catheter is minimal near end-diastole in the relaxed phase
of the cardiac cycle. However, useful data was not obtained during all measurements. In
some cases the motion was still to large even near end-diastole. A possible solution for
this problem is to obtain data during the inflation of the angioplasty balloon at the tip
of this newly available catheter containing an IVUS transducer proximally. By inflating
the balloon the position of the transducer is fixed in the artery. Additionally, improved
signal processing tools can be applied to increase the robustness of the method.

The clastograms presented in this study could not be validated using histology. There-
fore, the elastographic findings were compared with the echographic findings. For detec-
tion of calcified regions and revealing the geometry of the plaque and vessel wall, IVUS
echograms has proven to be a useful tool (Nishimura et al., 1990; Potkin et al., 1990;
van der Lugt et al., 1995). However recent studies revealed that the correlation between
echogenicity and fibrous, fibro-fatty or fatty plaque components is low. (Potkin et al.,
1990; Yock & Linker, 1990),(Chapter 8). Additionally, IVUS echograms present limited
information for the detection of microcalcification accumulation (Friedrich et al., 1994).
Therefore, no validation of the high strain regions in the elastograms was performed.
Validation of the elastographic findings could be performed using a directional atherec-
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tomy device. However, the resolution of such a device is low, implicating that only large
plaque areas could be validated. Validation of small spots would need a system that is
able to determine the tissue type with a higher resolution. The current developments in
optical coherence tomography (OCT) (Brezinski et al., 1997) and Raman spectroscopy
(Romer et al., 1998) may allow to perform such validation of intravascular elastography

in vivo.

9.6 Conclusions

It is feasible to apply intravascular elastography in vive. Using the pulsatile pressure as
a mechanical stimulus, different strain levels were measured for different tissue compo-
nents. Additional signal processing techniques and validation are needed to improve the
reliability of the technique



Chapter 10

Discussion and Conclusions

10.1 Discussion

Intravascular ultrasound elastography is a new imaging technique that allows visuali-
sation of the mechanical properties of vascular tissues. The technique is based on the
principle that the response of tissue to a mechanical excitation is a function of its mechan-
ical properties {Ophir et al., 1991). During intravascular experiments, the mechanical
stimuius can be applied from within the lumen. The systemic presswre coutinuously
strains the tissue and thus can act as mechanical stimulus. Another potential source
can be an angioplasty type balloon (Shapo et al., 1996b). The latter source has the
advantage that the stimulus is more controtlable, however, the blood flow is interrupted
by this device.

Tor intravascular experiments, the radial component of the strain (i.e., the component
along the ultrasound beam) is measured. The softer the tissue under investigation, the
higher the strain wilt be. This strain is measured using ultrasound. Pressures applied on
the tissues are in the range between 80 and 140 mmHg and are large enough to strain the
tissues on the order of 0 to 5%. It is extremely challenging to measure these strain levels
using conventional echograms. Therefore, high frequency ri-signals are used to determine
the strain.

10.1.1 Phantoms

As an initial phase of this study, the feasibility of the technique was investigated by
phantom studies. In ultrasound imaging, agar and gelatin based materials are often used
since these materials have similar acoustic properties to biclogical tissue. However, little
knowledge was present of the mechanical properties of these materials. Therefore, a study
was performed to determine these properties. It was concluded that the compression
modulus of these materials could be easily adjusted by varying the agar concentration.
The gelatin concentration was fixed since increasing this concentration increased the
aconstic attenuation of the material dramatically. The compression wodulus of these
materials was highly dependent on the temperature and age. Since the temperature is
of large influence, it has to be well controlled during the experiments.

The feasibility of intravascular elastography was tested using vessel-mimicking phan-
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toms. The results of these experiments revealed that hard and soft material could be
identified independently of the echogenicity contrast. In other words, lesions that could
1ot be detected in the echogram were identifiable in the elastogram. Although the results
of this study demonstrated that intravascular elastography is feasible, some limitations
became apparent. The strain in a vessel wall decays radially, Since this decay can be
described theoretically, correction for this artifact is possible. Another phenomenon that
was found is the "mechanical shadow”. Solt tissue distal to hard tissue is difficult to
detect using the elastogram. Correction for this type of artifact could be feasible using
finite element modelling.

10.1.2 Femoral arteries in vitro

The first intravascular elastograms of human femoral arteries in witro were acquired
with a modified IVUS catheter: the original flexible axis was replaced by a rigid tube
to minimise rotational artifacts. These experiments revealed that the strain in fibrous
plaque was smaller than the strain in calcified plague. This finding was in accordance
with literature, since reported compression modulus values for calcified tissue are 3 to 4
times higher than the compression modulus of fibrous material.

Encouraged by the resuits of this preliminary study, an in viére study on a larger scale
was performed. This time, the original DuMED Princeps® catheter with Hexible axis was
used since the performance of the motor unit responsible for the rotation of the transducer
was increased. This study revealed that significant differences for the strain are present
in fibrous, fibro-fatty and fatty plague components (p < 0.001). The echointensity in this
three plaque types was not different (p = 0.992). Although differentiation between fibrous
and fatty materials seems feasible with elastography, the sensitivity and specificity of the
technique have not heen tested yet. These results indicate that intravascular elastography
has the potential to detect plaque vulnerability since vulnerability of plaque is highly
associated with a large lipid core and a thin fibrous cap. Furthermore, vulnerability of
plaque is highly related to high stress concenfrations: a thin or locally weakened cap is
unable to bear the stress of the pulsatile pressure imposed on it and will rupture. A
high stress concentration results in increased strain values that may be detectable with
elastography.

10.1.3 Coronary arteries in vivo

The technique was advanced to in vive coronary applications. In these experiments the
systemic pressure was used as the mechanical stimulus. Using time gated acquisition,
frames at different intraluminal pressures were acquired, Dedicated algorithms were
developed to overcome motion artifacts that were associated with the contraction of
the heart. Preliminary results demonsirate that the developed acquisition scheme gives
reproducible strain estimates. Validation of these in vive elastograms was performed
using the IVUS image that could only identifies regions as being calcified or non-caleified.
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10.2 Limitations

This study revealed the potential of intravascular elastography to characterise differ-
ent plaque components in vitro. Additionally, the technique in vive was demonstrated.
However, the results identified several limitations of this study.

16.2.1 Motion artifacts

A major problem to be solved during the whole project was to minimise motion arte-
facts. The described technique correlates two frames, acquired at different intraluminal
pressures. Reliable strain estimmates are only obtained when signals from the same region
of tissue are correlated. During the in witre studies and especially during the prelimi-
nary in vive studies, motion related phenomena were always present. The first phantom
experiments used the Princeps® catheter. A single element transducer in this catheter is
rotated by means of a flexible axis. This axis consists of two counter-winded springs. Due
to the resistance of this axis in the catheter, rotational artifacts at the transducer can be
present (ten Hoff et al., 1989). These rotational artifacts resulted in a misalignment of
the echoframes and concomitant decorrelation effects. Angle matching algorithms had to
be developed to cope with this artifact. During the in vitro studies on diseased femoral
arteries, motion artifacts occurred with the pressurisation of the specimen. An increasing
intraluminal pressure often resulted in a rotation and/or translation of the artery with
respect to the transducer. Again, angle matching algorithms were applied to correct
for the rotation artifact. However, correction was only partly feasible when a combined
translation and rotation artifact was present. In these cases, the tissue moved to another
part of the beam resulting in decorrelation effects.

Especially during the in vive experiments in human coronary arteries, motion artifacts
were present. Due to the contraction of the heart, the catheter was moving along the
long axis of the vessel. Since different cross-sections were acquired due to this metion,
correlation of the signals was not possible. Therefore, echo frames representing the same
cross-section had to be identified while still having a sufficient large pressure differential.
Preliminary experiments revealed that useful frames could be acquired near end-diastole.
In this phase of the heart cyele, the catheter is at a relatively stable position while the
pressure differential between frames is in the order of 5 mmHg. However, not in all
experiments sequential frames, imaging the same cross-sections, were found. Additional
experiments and dedicated signal processing teciiniques have to be developed to advance
intravascular elastography to a more robust and reproducible technique.

10.2.2 Real-time implementation

Intravascular elastography is still an off-line technique. Currently it takes 5 to 10 minutes
to compute an in vivo elastogram. For evaluation of the technique, this time is reasonable
but for clinical evaluation the processing time has to be reduced. Intravascular palpation
determines the strain in a significant part of the vessel wall and plots the strain informa-
tion at the lumen vessel wall boundary. Since only 1 strain value per angle is determined,
the techinigue is computationally less demanding and due to the limited information is
also more robust. In other words, the technique has more potential to be implemented
in real-time on short notice. The use of a phased array transducer diminishes rotational
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artifacts and allows the use of 2-dimensional correlation techniques. Although these tech-
niques are computationally more intensive, the robustness of the technique will increase
significantly. As a result, the need for correction algorithms is reduced. Since the algo-
rithms used for calculating the strain information are closely related to the algorithins
to determine the flow, real-time implementation should be possible. Currently, InVi-
sion echo equipment (EndoSonics, Rijswijk, The Netherlands) is already equipped with
real-time flow imaging (ChromaFloT™), although this technique js computationally less
demanding.

10.2.3 Quantification of mechanical properties

Using the strain values measured with the presented technique, the compression modulus
of the tissue can be determined. However, the compression modulus is highly dependent
on excision of the tissue, method of storage (freezing or at 4°C} and the temperature
(20°C or 37°C). In this way, it is difficult to determine accurately quantitative values for
the compression modulus using in vitro experiments. The in vitro study was performed
at room temperature on excised tissue after freezing of the specimens. The only way
to measure the frue compression modulus is measuring in vivo. Since validation of
the preliminary in wvivo experiments is not performed yet, quantitative values of the
compression modulus of vascular tissue arve still unknown

Additionally, the compression modutus is dependent on the way it is measured. The
static compression modulus is different from the dynamic modulus. Since the in wvitro
experiments were performed using a static pressure differential and the in wive experi-
ments used the dynamic systemic pressure, different values for the compression modulis
were expected. According to studies of Lee and co-workers (1992, 1991), higher values for
the dynamic compression modulus {measured in the frequency range 0.5 to 2 Hz) than
for the static compression modulus were expected. In the experiments described in this
thesis, similar strain values were found in the static and dynamic experiments, although
the pressure differential was 4 to 5 times lower during the dynamic experiments. This in-
dicates that in our experiments the dynamic compression modulus has lower values than
the static compression modulus. However, since excision and freezing the specimens
increases the compression madulus (Gow & Hadfield, 1979), quantitative comparison be-
tween the compression moduli acquired during in vive and in vitro experiments remains
limited. The dynamic compression modulus also depends on the frequency of the force
applied on the tissue: Lee and co-workers (Lee et al., 1991) found a significant positive
correlation between frequency and storage modulus of atherosclerotic lesion lipid pools.
The storage modulus increased 10% when the frequency went up from 0.1 to 3 Hz. This
in contrast to our phautoin experiments (Fig. 2.2) where we found no depeadence of the
compression modulus on the frequency of vibration, This contrast may be associated
with tissue viscosity.

However, in all studies (Lee et al., 1992, 1991), the ratio between the compression
modulus of fibrous and calcified tissue had the same value, independent of static or
dynamic excitation and independent of the excitation frequency. The different moduli
measured with elastography are useful since the ratio between different materials can be
used to characterise different plague components.
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10.2.4 Inverse problem

In principle, a strain elastogram gives a artifactual image of the Young’s modulus distri-
bution. Therefore, the elastogram cannot directly be converted to an image representing
the Young’s modulus. Especially in intravascular applications were boundary conditions
are sparsely defined (for example the moving and contracting heart), reconstruction of
the Young's modulus is challenging. However, since the thickness of the arterial wall is
relatively small, reconstruction of the Young's modulus may not be necessary.

A difficult geometry is soft tissue behind hard material: mechanical shadowing will
occur {de Iorte et al., 1996). The hard material is bearing all the stress that is applied
on the tissue and, consequently, the soft tissue will strain less than expected. Addition-
ally, imaging behind hard tissue like calcified material is already difficult since normally
the ultrasound signal can hardly penetrate through calcified material. When fatty tis-
sue is covered by a fibrous plaque, the strain in the fatty tissue is lower than expected.
However, in relation to plaque vulnerability this mechanical shadow may reveal impor-
tant information. If the fibrous cap is able to bear the stress, low strain values will be
measured. If the cap is unable to bear the stress, high strain spots will appear. This
information can be useful for the detection of vulnerable plaque.

10.3 Future directions

10.3.1 Minimising motion artifacts

Intravascular elastography has proven to be a technique capable of chavacterising different
plaque components. However, the sensitivity and specificity of the technique have not
been identified yet. An in vitro study on a large scale has to be performed to investigate
these parameters. A phased array catheter would be the best choice for such a study
since rotational artifacts ave precluded and 2-dimensional crosscorrelation algorithms
can be applied. The use of 2-dimensional crosscorrelation algorithms will improve the
robustness of the technique.

For in vive applications, motion artifacts can be minimised by using a balloon catheter.
When the balloon is inflated, the position of the transducer is fixed with respect to the
arterial wall. The MegaSonics catheter (EndoSonics, Rijswijk, The Netherlands) is a
combined catheter with the balloon distal to the transducer. While the balloon is in-
flated, the systemic pressure is still straining the tissue, making this catheter suited
especially for elastographic purposes. Additionally, inflation of the balloon results in
a less eccentric position of the transducer in the lumen. This position will reduce the
number of erroneous strain estimates. It has to be noted that the balloon only nceds to
be inflated with a low pressure to stabilise the position of the transducer.

In this study, the balloon was not inflated to stabilise the position of the catheter.
The experiments revealed that motion of the catheter is minimal near end-diastole. Ad-
ditional studies are required to investigate the use of these frames to obtain reproducible
strain estimates. An advantage of a phased array transducer catheter as compared to a
mechanical IVUS catheter is the possibility to use different firing schemes. In this way,
scanning schemes can be adjusted to minimise the influence of mation of the catheter.



124 CHAPTER 10. DISCUSSION AND CONCLUSIONS

10.3.2 Potential clinical applications

The technique described in this thesis is evaluated in vifro and preliminary experiments
were performed in wive. Although the techmique has proven its potential to identify
different plaque components, the clinical usefulness in vive was not demonstrated yet.
In the future, IVUS elastography may be useful with regard to the following phenomena,

s Elastography to choose the proper interventional techmique. The initial
goal of this study was to determine the feasiblity of intravascular elastography
to identify different plague components, Knowledge of the composition and the
mechanical properties of the plaque may be useful for the physician to choose the
proper interventional technique (Baptista et al., 1996; Linker et al., 1991; Tobis
et al., 1991). Moreover, since all interventional techniques are predominantly
mechaiical in nature, the outcome of the intervention is not only determined by
the chosen technique but also by the mechanical properties of the vessel wall and
plaque. Until now, mechanical information was not available. Studies have to
reveal the usefulness of this information during catheterisation interventions.

¢ Elastography in relation to vulnerable plaque. Elastography certainly has
potential to visualise vulnerability of plaque. A vulnerable plagque can be described
by a large fatty pool with a thin fibrous cap overlying the fatty material or erosion
of the intima by macrophage infiltration (Davies, 1996; Lee & Libby, 1997). Both
these morphologies may be detectable with elastography as already demonstrated
in chapter 8. The power of elastography is that the strain is measured and not a
parameter related to the size (OCT, (Brezinski et al., 1997)), chemical composition
of the material {Raman spectroscopy, (Romer et al., 1998)) etc. For example, it
may not he necessary to know the thickness of the cap to determine if a plaque
is vulnerable or not. The strain may be a direct indicator of the possibility of a
plaque to bear a stress imposed on it. The potential of elastography to identify
plaque vulnerability in wvive still has to be determined.

¢ Strain imaging during PTCA. A major problem of angioplasty and stenting
is the development of restenosis in the artery: the arterial wall is responding to
the intervention by forming new plaque that is obstructing the free lumen area. 6
months after the angioplasty, 20-40 % of patients develop restenosis and clinical
angina (Serruys et al., 1998). 6 months after stent placement, 10-30 % of the
patients develop restenosis (Serruys et al., 1998). Elastography may be a useful
tool to investigate the relation between the chances for restenosis and the applied
strain in the tissue during angioplasty and stent placement, For this application the
transducer has to be placed in the balloon (Shapo et al., 1996b). Consequently, the
balloon material must be transparent for ultrasound. Additionally the influence of
the circular balloon on geometries with a non-circular lumen has to be investigated.

¢ Elastography to guide brachytherapy interventions. In brachytherapy (King
11T et al., 1998), the radiation interaction and the radicactive decay is velated to
the mechanical properties of the tissue. The attenuation of the radiation depends
on the density of the material, and its composttion {Coursey et ai., 1998). Using
intravascular elastography, the dose could be adjusted to the mechanical properties
of the material.
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10.4 Conclusions

Intravascular elastography is a new technique capable of providing cross-sectional images
of strain within the vessel wall. From this information, it is possible to identify tissue
stiffness: soft and hard materials. Since tissue stiffness is generally independent of tissue
echogenicity, this new information is unavailable or inconclusive from the IVUS echogram
alone.

Different strain values are found for fibrous, fibro-fatty and fatty plaque components.
Consequently, identification of different plaque types could be performed using TVUS
elastography. Furthermore, IVUS elastography has the potential to identify vulnerable
plaques. Initial trials in the catheterisation laboratory demonstrate the feasibility of
intravascular elastography in vive. Additional signal processing techniques and validation
are needed to improve the robustness of the technique in vive.






Appendix A

Stress, Strain and
Displacement in a Tube

Expressions for the stress and the strain (radial strain £, and circumferential strain £¢)
in a long, cylindrical, isotropic and homogeneous tube, when submitted to a uniform
pressure on the inner and outer surfaces, were first derived by Lamé (1866) (Fig. A.1).
In discussing stresses, strains and displacement in a tube, it is advantageous to use polar
co-ordinates {g, , og and o, for the stress in the radial, circumferential and longitudinal
direction resp. and ¢, , £¢ and €, for the strain in the radial, circamferential and lon-
gitudinal direction resp.). The stress-strain relationship for polar co-ordinates are given
by (Noordergraaf, 1969) ;

Figure A.1 Schematic drawing of tube with inner pressure P; and outer pressure F,. « and
b are the inner and outer radius, respectively. E = Young’s modulus; ¥ = Poisson's ratio
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1

Ep = E(U" -~ v(og +0,))
H

g = Hloo—vlort+az))
1

e = o —wlor+oy)) (A1)

where FE = Youngs modulus
v = Poisson's ratio

FThe expressions for the stress in a thick walled tube are derived in Timoshenko and
Goodier (1970), considering the stress functions are only dependent on r ;

a®0*(po —pi) 1 | pia® — pob?

ar = B2 a2 B2 a7
212/, 2 2
a’’(po —p;} 1 | piac® — pob
ap = - Ml . (A2)
82— a2 72 B2 - a?
where P; = pressure inside the vessel
B = pressure outside the vessel
a = inner diameter
b = outer diameter

A.1 Plane stress

In this case, the stress in the longitudinal direction (o,) is assumed to zero. Considering
plane stress in the tube wall, the stress-strain relations are given by,

1
£, = E(or—vag)

1
g = —{og—veo). (A.3)
B
With the above equations, the displacement in the tube can be calculated, since the

strain is related to the displacement (assuming only a radial displacement u, in the tube)
by (Timoshenko & Goodier, 1970}

e = S0
7
e = o, (A4)

The radial displacement u, can be obtained using one of the above equations A4,
leading to
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ur = g (e ~p)(1 =) =B —p)(1+2)- ) (A5)

In this study strain profiles are determined using two different levels of endoluminal
expansion. The differential displacement in the tube due to the low pressure p; and the
high pressure py, can be obtained by subtraction of the displacements. The displacement
and strain expressions for a differential pressure are given by

a?(pp, — ) 021+ )
Undiff = Fz_ g2 (— +(1-v)-r)
0-2((Ph —(;!)) B*(1 +v)
Erdiff = m((l - I/) - —T‘T_) (Aﬁ)

A.2 Plane strain

In this case, the stress in the z-direction is not zero. By eliminating ¢, in equation A.1,
the stress-strain relations are given by

1+w 17

& = E (1 —v)o, —vog — mEEz)
14w v
¢ = g ((1 = v)og —vor - l—i-—yEEZ)' (A7)

Using the boundary condition for plane strain (g, is 0) and the equations A.2 and
A4, the expression for the displacement as a function of r becomes

T

= ey () (1 + )= 2) = =)L) ). (A

Up

Next, the relation for the radial displacement and strain as a function of two levels
of endoluminal expansion can be derived

~d*(pa - p0)
Updiff = E(b2—a2)(

D

Z{pn, — p,
Erdiff = “M((1+V)(1~2V)*

B*(1 + u))
B — ) e

(A.9)






Appendix B

Derivation of the Low-Pass
Filtered Autocorrelation
Function

Using the signal model of equations 4.5 and 4.6 and equation 4.10, the crosscorrelation
function is obtained from the expected value of the estimates for finite observation time

T as
T/2

. i
BlRam) =7 [ Bla@sl+ ) (B.1)
—-T/2
Hxpressing the crosscorrelation function as the inverse Fourier transform of the crossspec-
trum (Bendat & Piersol, 1986, page 120), we obtain

T2 oo
ke =5 [ [ Guers i (.2
—T/2 -0

where the cross-spectrum G1o(f) is given
Gl = [ Blan®sale +n)}eImar (8.3)
—00

Using the definitions of so(t) in equation 4.6, we can write the cross-speetrum ex-
pressing sy (¢) in terms of its components, that is

o0
Gra(f) = E{s:(8) f s(alt +7) — to) % p(t)e ? I dr}. (B.4)
— 00
We can express the delayed scattering function in equation B.4 as
s{a{t +7) — to) = s{t + ar) + (o — 1)t — o] (B.5)
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and rewrite the Fourier transform of the scattering function as

o0 o0
f s(a(t +7) — to)e 717 dr = /a1t to] [ s(t +ar)e I ITgr  (B.6)
oo —00

Substituting equation B.6 into equation B.4 and with the change of variable v’ — ar,
we obtain

o
G1a(f) = E{s (t)ef? I la-Di~to] f a~Vs(t+ 1) % p(t)e I e gyt (B.7)

From equation 4.3, a — 1 = ¢ and rearranging the integral and expectation operators
in fhe above equation, we obtain

o0

Gra(f) = el?mflet—to] f a " E{s (£)s(t + 7)) e T2 agy! (B.8)
and,
Gra(f) = el iste Palten 1 Gy (/) (B.9)

where G11(f) is the autospectrum (auto spectral density function). Equation B.9
demonstrates the nonstationary nature of the cross-spectrum of the signals in equations
4.5 and 4.6, since the cross-spectrum is a function of the autospectrum and a function of
time. Replacing equation B.9 in equation B.2 yields

TI2 oo
- 1 . 0 Fl %
E{Ri2(1)} = T f / a LG (ffa)el?m et eI flo o J2 T gf g {B.10)
~Tf2—co

Exchanging the order of the two integration operators, we obtain

o] /2
N " ; 1 ;
E{Ri2(1)} = /a“lGu(f/a‘)e_“’z“““eﬂﬁf” T f eIt gy | df (B.11)
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where the term in square brackets reduces to a sine function yielding

o0
. 1 o . i
E{Ri»(1)} = T / a G (ffa)e 2 sine(feT) ¥/ 7 df (B.12)
—00
Using the convolution theorem and the scaling property of the Fourier transform, the
spectral product in equation B.12 can be expressed in the time domain as the following

convolution,
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h(r) = { 0, elsewhere






Appendix C

The Fisher-Z Transform

The distribution of correlation coeflicient estimnates deviates from Normal when p is not
zero. To better describe the statistics of such skewed estimates, Fisher (1970, page 185)
proposed the transformation

z2=05x[In(1+ p) —In(1 - p)], (C.1)

a transformation that leads to approximately Normal distributed estimates. This
transformation is well suited for our application where the region of inferest is 0.5 < p <
1. Mean and standard deviations are computed in the transformed variable z. Then, the
inverse transform,
e —1
e 41

is applied to obtain the average decorrelation, and lower and upper bounds, which
are expectedly asymmetric, corresponding to the 95% confidence interval.

p= (C.2)
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Summary

Intravascular ultrasound {(IVUS) is a technique that provides real-time cross sectional
images in vivo of the geometry of the vessel wall, plaque and lumen. However, charac-
terisation of different plaque components still remains a problem. Although other new
imaging techniques show promising results, characterisation of atherosclerotic plaques
in wive remains difficult. An even more challenging problem is identification of plaque
vulnerability.

Elastography is a new imaging technique that visualises mechanical properties of tis-
sue. The underlying principle is that the response of tissue to a mechanical excitation
is a function of its mechanical properties. The technique was evaluated in vitro, and
experiments in vive demonstrated the potential to apply elastography in a clinical envi-
romment. In this thesis, the nsefulness and additional diagnostic value of the technique
for intravascular purposes is investigated.

In intravascular applications, the intraluminal pressure can act as the mechanical
stimulus to strain the tissue. Using the systemic pressure that is already present in the
body, different strain levels can be achieved. The strain is determined using data ob-
tained with an intravascular catheter. Since the strain levels are on the order of 1%,
analysis of high frequency rf-signals was used. In wvitro experiments on vessel-mimicking
phantoms and diseased artery specimens were performed in a watertank., A water col-
umn system was used to pressurise the vessels at different levels. A modified IntraSound
(DuMED/EndoSonics, Rijswijk, The Netherlands) and a commercial InVision (Endo-
Sonics, Rijswijk, The Netherlands) echoapparatus with custom rf-data output were used
to acquire the data. The data was digitised and processing of the data was performed off-
line. First, the time delay between gated signals was determined using cross-correlation
analysis. Next, the finite difference of the time delay was used to determine the strain.

The potential of the technique to identify soft and hard plaques in a vessel wall was
investigated by phantom studies. First, the mechanical propertics of agar-gelatin based
phantom materials were determined. These materials arve often used as tissue mimicking
material in ultrasound experiments. The hardness of these materials was directly related
to the agar concentration. By adjusting the concentration of Carborundum (SiC) parti-
cles, which were acting as scattering particles, hyper- and hypo-echoic materials could be
constructed. The experimental results on phantoms, with the geometry of a vessel wall
with a soft or hard plaque, revealed that characterisation of the different plaques was
feasible. Identification of hard and soft materials was independent on the echogenicity
countrast between the vessel wall and plaque.

The vessel phantoms were up-scaled versions of human femoral and coronary arteries.
As a consequence, the resolution of the technique had to be improved. The signai-
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to-noise ratio of the system was increased by improving the data acquisition system.
Additionally, the mechanical scanning mechanism was upgraded. Finally, a filter was
developed to determine the reliability of the estimated strain values. This filter uses the
peak of the correlation function as a figure of merit for the strain estimate. It is based on
decorrelation properties of compressed tissue. When fissue is compressed, the peak value
of the correlation function decreases. The peak value can be determined theoretically and
is a function of the center frequency of the transducer, the window length and the rate
of compression. Since the strain is determined using the cross correlation function, the
peak value can directly be used to check if the determined strain value is in accordance
with the peak value.

The influence of the position of the catheter on the strain was also investigated.
Theoretical relations between the position in the lumen and the measured strain were
derived: the measured strain decreased in certain regions in the vessel wall when the
catheter was not positioned in the center of the lumen, The error in the measured
strain increased with the distance of the catheter to the center. Since this error could
be described theoretically, correction for this avtifact is feasible. However, for catheter
positions close to the vessel wall correction is not possible. Also the influence of a tilted
catheter in the lumen was determined. For known tilt-angles correction for the resulting
artifact is possible.

A robust compound imaging technigue was developed that will be easier to imple-
ment, for in vive applications: intravascular ultrasound palpation. This compound imag-
ing techuique presents the mechanic and acoustic information in one image. The strain
information is plotted as a colour coded line congruent with the Iumen vessel wall bound-
ary. In this way, the mechanical information can directly be linked to the conventional
IVUS echogram information. Since only one strain estimate per angle is determined
corresponding to a substantial portion of the vessel wall, this method is faster and more
robust than elastography. The technique was validated using vessel phantoms and dis-
eased human arteries: soft and hard material were identified using the strain palpogram.
Additionally, fibrous and fatty plague components could be differentiated with the infor-
mation provided by the palpograms.

Diseased human femoral arteries were measured with the upgraded elasticity imaging
system. Data was obtained at intraluminal pressures of 80 and 100 mmHg. Preliminary
experiments revealed the feasibilily to obtain elastograms from diseased and normal
parts of the vessel wall. The resolution of the techuique (300 pm) was sufficient to
determine several strain estimates per angle in the vessel wall and plaque. Calcified
regions were identifiable on the elastogram by their low strain. Normal vessel wall regions
had moderate to high strain levels where fibrous regions showed strain values in between
these two.

Encouraged by the preliminary results, a larger scale in vitro study was performed.
35 cross-sections in 9 diseased human femoral arteries were scanned. Elastograms were
determined and the IVUS cross-sections were segmented based on the strain value. The
specimens were processed for histology and staining techniques to identify fibrous, fatty
and calcified material were performed. Additionally, a staining technique to indicate the
presence of macrophages was performed. The presence of imacrophages is a marker for
plaque vulnerability. Correlation of the elastographic results with the dominant tissue
type present in the plaque, revealed a significant difference between the strain values for
the plaque types (p < 0.001). Especially, the strain value in fibrous and fatty material was
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significantly different (p=0.0012). The resulis of this study demonstrated the potential
of the technique to characterise different plaque components and to identify vulnerability
of plaque.

Finally, the feasibility of the technique to be applied in vivo was investigated. During
in vivo experiments the systemic pressure was used as mechanical stimulus. However, due
to the contraction of the heart, the catheter is moving in the hiumnen. Especially motion
along the long axis of the vessel wall is a problem since data from different cross-sections
are acquired. In this case, the strain in the tissue cannot be determined. The results of
the experiments revealed that motion of the catheter in minimal near end diastole, Two
frames could be acquired at this point in the pressure cycle with a pressure differential
in the order of 5 mmHg. Preliminary results indicate that reproducible elastograms can
be obtained in one and over several pressure cycles.

In conclusion, intravasular elastography is a technique capable of providing cross-
sectional images of the mechanical properties of the vessel wall and plaque. Soft and
hard material can be identified independently of the echogenicity of the materiais. The
potential to characterise different plagque components using this information was demon-
strated in vitro. Additionally, the potential to identify the vulnerability of the plaque
was shown. Preliminary experiments demonstrated the feasibility of the technique to be
applied in vivo,






Samenvatting

Intravasculair ultrageluid (IVUS) is een techniek waarmee real-time dwarsdoorsneden
van vaten gemaakt worden zodat de geometrie van de vaatwand, het lumen en de laesie
afgebeeld kunnen worden. Met deze techniek is het echter mocilijk om de verschillende
soorten laesies te karakteriseren. Hoewel er nieuwe technicken worden ontwikkeld blijft
vooral de in vive karakterisatic van de verschillende laesies moeilijk. Een nog grotere
uitdaging vormt de detectic van instabiele laesies.

Flastografie is een nieuwe afbeeldingstechniek, waarimee de mechanische eigenschap-
pen van weefsel kunnen worden bepaald. Deze techniek is gebaseerd op het principe
dat de vervorming van weefsel, als gevolg van een mechanische stimulus, een functie is
van de mechanische eigenschappen van het weefsel. De techniek is gevalideerd aan de
hand van in vitro experimenten. In vive experimenten hebben aangetoond dat elas-
tografic van toegevoegde waarde kan zijn in een klinische omgeving. In dit proefschrift
wordt de toepasbaarheid en bruikbaarheid van deze techniek in intravasculaire applicaties
beschreven.

Voor intravasculaire toepassingen kan de pulsatie van de bloeddruk gebruikt worden
als mechanische stimulus. De vervorming wordt bepaald aan de hand van data die
wordt verkregen met een intravasculaire echocatheter. Omdat de vervorming van het
weefsel klein is (in de orde van 1%), wordt gebruik gemaakt van de radio frequentie
(vf-) signalen. In vitro experimenten met vaatfantomen en aangetaste arterién werden
uitgevoerd in een waterbak. Een waterkolom systeem werd gebruikt{ om verschillende
druk niveaus in de vaten aan te brengen. Een gemodificeerd IntraSound echoapparaat
(DuMED /EndoSonics, Rijswijk) en een commercieel verkrijgbaar InVision echoapparaat
{EndoSonics, Rijswijk), met een speciale rf-signaal uitgang, werden gebruikt om de data
te verkrijgen. De data werd vervolgens gedigitaliseerd en off-line verwerkt. Allereerst
werd de tijdsvertraging tussen segmenten van het rf-signaal bepaald met behulp van
cross-correlatie technieken, WVervolgens werd aan de hand van de afgeleide van deze
tijdsvertragings functie de mate van vervorming van het weefsel bepaald,

Met behulp van een vaatfantoom studie werd de mogelijkheid van de technick om
harde en zachte laesies in een vaatwand te identificeren onderzocht. Eerst werden de
mechanische eigenschappen van materialen, gemaakt van agar en gelatine, onderzocht.
Deze materialen worden in ultrageluids experimenten vaak gebruikt als weefsel naboot-
sende inaterialen. De hardheid van de materialen bleek direct gerelateerd te zijn aan
de agar concentratie. Carborundum (SiC) deeltjes werden gebruikt om het geluid te
reflecteren. Door de concentratie van deze deeltjes te varieren konden, hyper en hypo
echogene materialen worden gemaakt. De resultaten van de experimenten met de vaat-
fantomen, toonden aan dat identificatie van harde en zachte laesies met elastografie
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mogelijk was. Deze resultaten waren onathankelijk van een al dan niet aanwezig contrast
in echo-eigenschappen van de vaatwand en de laesie.

De gebruikte vaatfantomen waren vergrote versies van humane femoraal en coronair
arterién. Om de techniek toe te kunnen passen op humaan materiaal moest de resolu-
tie verbeterd worden. De signaal ruisverhouding van het systeem werd vergroot door
het data acquisitie systeem te verbeteren. Verder werd het mechanische scan mecha-
nisme verbeterd. Als laatste werd een filter ontwikkeld om de betrouwbaarheid van de
berekende vervormingswaarden te hepalen. Aan de hand van de piekwaarde van de cor-
relatie functie wordt de betrouwbaarheid van de vervormingswaarde bepaald. Dit filter
is gebaseerd op decorrelatie eigenschappen van gecomprimeerd weefsel. Wanncer het
weefsel gecomprimeerd is zal de piekwaarde van de correlatie functic afnemen. De piek-
waarde kan theoretisch worden bepaald en is een functie van de centrale frequentie van
de transducent, de segmentgrootte en de mate van compressie. Omdat de vervorming
wordt bepaald met behulp van de correlatie functie kan de piekwaarde direct worden
gebruikt om te controleren of de bepaalde vervorming in overeenkomst is met de waarde
van de piek.

Vervolgens is de invloed van de positie van de catheter in het lumen op de berekende
vervorming onderzocht. Theoretische relaties tussen de positie in het lumen en de geme-
ten vervorining werden afgeleid: de vervorming werd in bepaalde gebieden in de vaatwand
onderschat. De onderschatting van de deformatie nam toe naar mate de afstand van de
catheter tot het middelpunt toenam. Met behulp van een theoretisch beschrijving kan
voor deze onderschatting worden gecorrigeerd. Echter, wanneer de catheter tegen de
vaatwand ligt is correctie niet meer mogelijk. De invloed van een gekantelde transducer
werd ock onderzocht. Wanneer de kantelhoek bekend is kan deze fout worden gecor-
rigeerd.

Een afbeeldingstechniek die eenvoudiger geimplementeerd kan worden werd ontwik-
keld: intravasculaire ultrageluids palpografie. Deze gecombineerde afbeeldingstechniek
presenteert de mechanische en echo informatie in 1 afbeelding. De mate van vervorming
wordt in de echoafbeelding weergegeven als een klenrgecodeerde lijn op de overgang
fussen lumen en vaatwand. Op deze manier kan direct een reiatie tussen de mechanische
informatie en het klassicke IVUS echogramm worden gelegd. Omdat per hoek maar 1
waarde voor de vervorming wordt weergegeven, is deze methode sneller en robuuster
dan clastografie. De techniek is gevalideerd aan de hand van vaatfantomen en aange-
taste humane arterién: zachte en harde materialen konden worden geidentificeerd met
het palpogram. Verder konden met behulp van deze informatie vette en fibreuze laesie
componenten worden geidentificeerd.

Aangetaste humane femoraal vaten werden gemeten met een verbeterde opstelling.
Data werd verkregen bij intraluminale drukken van 80 en 100 mmHg. De eerste re-
sultaten lieten zien dat het mogelijk is om elastogrammen van aangetaste en normale
vaten te maken. De resolutie van de techniek (300 pm) was voldoende om een aantal
vervormingswaarden per hoek in de vaatwand en laesie te bepalen. Gekalcificeerde re-
gio’s werden met het elastogram geidentificeerd door de lage vervormingswaarden, Niet
aangetaste gebieden in de vaatwand hadden cen gemiddelde tot hoge vervormingswaarde
en fibreuze gebieden een vervormingswaarde tussen die van normaal en gekalcificeerd
weefsel in.

Een in witro validatie studie met een groter aantal vaten is uitgevoerd. 35 dwars-
doorsneden werden opgenomen in 9 aangetaste humane femoraal vaten. Elastogrammen
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werden bepaald en de IVUS echogrammen werden verdeeld in gebieden, gebaseerd op de
vervormingswaarden. Histologische analyse van de vaten werd verricht waarbij specitieke
ldeuringstechnieken werden gebruikt om fibreus, vet en gekalcificeerd weefsel te identifi-
ceren. Tevens werd een kleuringstechniek gebruikt om de aanwezigheid van macrofagen
aan te tonen. De aanwezigheid van macrofagen is een kenmerk van instabiele laesies.
Correlatie tussen de elastografische resultaten en het dominante weefseltype in de laesie
toonde aan dat er een significant verschil tussen de vervormingswaarde van de verschil-
lende weelsel typen bestaat (p < 0.001). Vooral de vervormingswaarden in fibreus en
vet weelsel waren significant verschillend (p — 0.0012). De resultaten van deze studie
tonen aan dat elastogratie mogelijk een techniek is om verschillende laesie componenten
te karakteriseren en instabiele plaque te detecteren.

Als laatste werd intravasculaire elastografie in het catheterisatie laboratorium toege-
past. Voor deze experimenten werd de pulserende bloeddruk als mechanische stimulus
gebruikt. Door de samentrekking van het hart had de catheter geen vaste positie in het
lumen. Vooral bewegingen langs de lengteas van vat veroorzaakten problemen omdat dan
data van verschillende dwarsdoorsneden wordt opgenomen. Daardoor kan de vervorming
van het weefsel moeilijk worden bepaald. De resultaten toonden aan dat de beweging
van de catheter minimaal is aan het einde van de diastolische cyclus. In dit deel van
de hartslag konden twee opeenvolgende dwarsdoorsneden worden opgenomen met een
drukverschil van ongeveer 5 mmHg. De eerste resultaten laten zien dat reproducerende
elastogrammen worden verkregen in 1 en over meerdere hartslagen.

Concluderend is aangetoond dat intravasculaire elastografie een technick is waarmee
afbeeldingen van de locale mechanische eigenschappen van de vaatwand kunnen worden
gemaakt. Zachte en harde materialen konden, onafhankelijk van een verschil in echo-
eigenschappen, worden geidentificeerd. Aan de hand van een in vitro studie werd aange-
toond dat verschillende laesie componenten kunnen worden gekarakteriseerd., Verder
werd de mogelijkheid van de techniek om instabiele laesies te detecteren aangetoond.
Voorlopige experimenten laten zien dat de techniek ook in het catheferisatie laborato-
rium kan worden toegepast.
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