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Abstract

Background—A method capable of determining atherosclerotic plaque composition and
measuring plaque viscoelasticity can provide valuable insight into intrinsic features associated with
plaque rupture and can enable the identification of high-risk lesions. In this article, we describe a
new optical technique, laser speckle imaging (LSI), that measures an index of plaque viscoelasticity.
We evaluate the potential of LSI for characterizing atherosclerotic plaque.

Methods and Results—Time-varying helium-neon laser speckle images were acquired from 118
aortic plaque specimens from 14 human cadavers under static and deforming conditions (0 to 200
um/s). Temporal fluctuations in the speckle patterns were quantified by exponential fitting of the
normalized cross-correlation of sequential frames in each image series of speckle patterns to obtain
the exponential decay time constant, z. The decorrelation time constants of thin-cap fibroatheromas
(TCFA) (z=47.5£19.2 ms) were significantly lower than those of other atherosclerotic lesions
(P<0.001), and the sensitivity and specificity of the LSI technique for identifying TCFAs were >90%.
Speckle decorrelation time constants demonstrated strong correlation with histological
measurements of plaque collagen (R=0.73, P<0.0001), fibrous cap thickness (R=0.87, P<0.0001),
and necrotic core area (R=—0.81, P<0.0001). Under deforming conditions (10 to 200 x«m/s),
correlated well with cap thickness in necrotic core fibroatheromas (P>0.05).

Conclusions—The measurement of speckle decorrelation time constant from laser speckle images
provides an index of plaque viscoelasticity and facilitates the characterization of plaque type. Our
results demonstrate that LSI is a highly sensitive technique for characterizing plaque and identifying
thin-cap fibroatheromas.
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The composition of atherosclerotic plaques is an important determinant in the progression of
thrombus-mediated acute coronary syndromes.! Thin-cap fibroatheromas (TC-FAs) comprise
the majority of coronary plaques implicated in acute coronary events.2:3 TCFAs consist of a
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thin fibrous cap (minimum cap thickness <65 xm), a large lipid-rich athero-matous core, and
activated macrophages at the plaque shoulder.+ In addition to plague morphology, the risk of
plaque rupture is influenced by the mechanical properties of the atheroma. The accumulation
of a compliant lipid pool influences the local stress distributions within the plaque and can
result in rupture of the fibrous cap at focal weak points.%7 In addition, the mechanical strength
of atherosclerotic plaques is primarily determined by the fibrillar collagen content of the
extracellular matrix, and collagen degradation is associated with an increased risk of plaque
rupture.8:°

Here, we investigate a new optical method, laser speckle imaging (LSI), for obtaining
information about atherosclerotic plague compaosition, morphology, and viscoelasticity. When
temporally coherent light from a laser propagates through tissue, photons that undergo multiple
scattering events traverse different optical path lengths before returning to the surface.
Interference between photons returning from different regions within the tissue results in a
granular intensity pattern on the tissue surface known as laser speckle.19 In a viscoelastic
medium, suspended particles undergo Brownian motion, which is directly related to the
viscoelastic properties of the medium.1! Consequently, in TCFAs, because of the relatively
low viscosity of the lipids, particles within a compliant necrotic core exhibit more rapid
Brownian motion compared with stiffer fibrous regions of the plaque. Because scatterer maotion
causes a modulation of the laser speckle pattern, the measurement of temporal intensity
variations should provide information about the intrinsic viscoelastic properties of the plaque
and might be used to determine plaque composition and morphology.

A previous preliminary feasibility study using 5 aortic plaques indicated differences in laser
speckle modulations between 2 necrotic core fibroatheromas, 1 with a thin fibrous cap and 1
with a thick fibrous cap.12 Here, in a separate study, we investigate the capability of LSI for
differentiating atherosclerotic plaque type and assessing plaque morphology and composition.
Because the deformation of the coronary wall over the cardiac cycle may cause further
modulation of the laser speckle pattern independently of plaque composition, we also
investigate the influence of arterial deformation at physiological velocities on LSI
measurements.

A total of 118 aortic plaques from 14 human cadavers were studied. After harvest, the aortas
were immediately stored in PBS at 4°C. The time between autopsy and imaging was 12 to 48
hours. Before imaging, the arteries were warmed to 37°C in PBS.

Laser speckle images of the aortic specimens were obtained with the optical setup shown in
Figure 1a. Light (632.8 nm) from a helium-neon laser was reflected off a galvanometer-
mounted mirror and focused to a 75-um-diameter spot on the luminal surface of the specimen.
The galvanometer-mounted mirror was computer controlled to provide scanning of the beam
across the specimen. A CCD camera (TM-6710CL, Pulnix) was mounted above the aortic
specimen and used to capture 2D speckle patterns at a rate of 240 frames per second for 2
seconds (Figure 1b). A polarizer was placed in front of the CCD camera lens to minimize
specular reflections from the specimen surface.

Each specimen was clamped between 2 L brackets mounted on 2 separate linear motorized
stages (Figure 1a). The L brackets were immersed in a PBS bath (37°C) such that the luminal
surface of the specimen was exposed just above the level of PBS. The imaging site was marked
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with 2 India ink spots to mark the diameter of the speckle pattern over the lesion, which ensured
accurate registration with histopathology. To evaluate the efficacy of LSI for future in vivo
coronary studies, we conducted LSI of aortic plaques during arterial deformation at velocities
corresponding with the physiological range of coronary circumferential stretch.13 For the
deformation experiments, 25 plaques were randomly selected. During imaging, aortic
deformation was performed along the circumferential direction by stretching each specimen
between the 2 opposing motorized stages at velocities between 10 and 200 zm/s.

Laser Speckle Analysis

Time-varying laser speckle patterns acquired under static and deforming conditions were
analyzed using cross-correlation techniques to determine the speckle decorrelation time
constant, z, which is inversely related to the rate of change of the speckle pattern. The
normalized 2D cross-correlation of the first speckle image with each image in the time-varying
image series was computed in the Fourier domain.1# The normalized cross-correlation value
was determined for each image and plotted as a function of time to obtain speckle decorrelation
curves for each lesion. To estimate the rate of speckle decorrelation,  was computed by
exponential fitting of the normalized speckle decorrelation curve. Although speckle patterns
were acquired over a 2-second duration, single exponential fitting was best performed in the
region of the normalized speckle decorrelation curve over which the cross-correlation value
dropped to 75% of its maximum. The time duration over which the cross-correlation value
dropped to 75% of its maximum ranged from 40 ms for thin-cap fibroatheromas to 200 ms for
fibrocalcific plaques (FCs).

Histopathological Characterization of Atherosclerotic Plaque

The imaged specimens were fixed in 10% formalin and subsequently processed, embedded,
and sectioned using standard techniques. Sections were cut across the India ink marks; stained
with hematoxylin-eosin, trichrome, picrosirius red (for collagen), and CD68 (for
macrophages); and interpreted by a pathologist (G.J.T.) blinded to the LSI data. Subsequently,
agreement on histopathological classification was analyzed between 2 pathologists (G.J.T. and
S.L.H.) blinded to the LSI data. The histological sections were characterized on the basis of
the classification scheme by Virmani et al4 into the following groups: necrotic core
fibroatheroma, pathological intimal thickening (PI1T) and nonnecrotic fibroatheroma (FA),
intimal hyperplasia (IH), fibrous plaque, and FC. The necrotic core fibroatheromas were
differentiated according to their fibrous cap thickness into TCFAs (minimum cap thickness
<65 um) and thick-cap fibroatheromas (TKFA) (minimum cap thickness >65 um). Nonnecrotic
FAs with dispersed extracellular lipid within the fibrous matrix were distinguished from PIT
by an intimal thickness >500 um. Because the PIT and IH groups did not represent discrete
lesions, the subset of diagnostic lesions—TCFA, TKFA, FC, fibrous, and FA—were further
categorized as atherosclerotic plaques.

Histopathological Analysis of Atherosclerotic Plaques

Total collagen content was determined in the atherosclerotic plaque groups using polarized
light microscopy images of picrosirius red—stained sections within a 1.0x0.5-mm (transverse
times depth) region of interest (ROI) located between the fiducial ink marks. A hue
transformation (IPLab Spectrum 3.9, Scanalytics) was performed, and collagen content was
computed by dividing the number of hue values within a range of 0 to 180° (red-cyan) by the
total pixel area of the ROI.15:16

Histopathological measurements of fibrous cap thickness, necrotic core area, and macrophage
content were performed on the TCFA and TKFA groups. The minimum fibrous cap thickness
within the region between the fiducial ink marks was measured in the digitized trichrome-

stained sections (IPLab Spectrum). Necrotic core area was measured by manually tracing the
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necrotic core region contained within the central 1.0x0.5-mm ROI between the fiducial ink
marks. Macrophage density was determined from CD68-stained digitized sections by first
manually segmenting the region of the fibrous cap between the ink marks. The percentage area
of CD68 staining within the fibrous cap region was then calculated using automated bimodal
histogram thresholding and image segmentation.15:17

Statistical Analysis

Results

From histological diagnoses, the r value associated with each lesion was assigned to 1 of 7
plaque groups. For each plaque type, the speckle decorrelation data were expressed as 7+s;,
where 7 is the average speckle decorrelation time constant computed for each plaque group
and s; is the standard deviation. The differences between measurements for all plaque groups
were compared with 2-way (for plaque type and patient within each plaque group) ANOVA
tests; the pairwise comparisons between multiple groups were evaluated by use of Dunnett’s
t test. A receiver-operating characteristic (ROC) curve analysis was used to evaluate the
sensitivity and specificity of LSI for identifying TCFAs. To obtain the threshold value for z,
the sensitivity and specificity were determined and plotted for the entire range of time constant
measurements, using each measurement as a diagnostic threshold. The z value that provided
both the highest sensitivity and specificity was selected as the optimum threshold for
identifying TCFAs. The sensitivity, specificity, and area under the ROC curve were reported
with 95% confidence intervals (Cls) (Medcalc statistical software, version 8.0). The
interobserver and intraobserver agreements between pathologists for histopathological plaque
classification were quantified by the « test of concordance.8

For evaluation of plague collagen content, necrotic core area, and macrophage content using
LSI, we recalculated 7 using a 1.0-mmx1.0-mm region in each speckle pattern centered at the
illumination site. The relationships between z and plaque collagen content, minimum fibrous
cap thickness, necrotic core area, and macrophage content were investigated using linear
regression. For all analyses, a value of P<0.05 was considered statistically significant.

Atherosclerotic Plaque Characterization: Static Conditions

The aortic specimens were histologically classified as TCFA (n=14), TKFA (n=10), PIT
(n=21), FA (n=22), IH (n=17), fibrous (n=28), and FC (n=6). The interobserver and
intraobserver « values between pathologists for differentiating necrotic core fibroatheromas,
PIT, and FA, IH, fibrous, and FC lesions were xk=0.58+0.06 and x=0.68+0.05, respectively.
Figure 2a shows examples of the normalized speckle decorrelation curves computed under
static conditions for 3 aortic specimens. As shown in Figure 2, TCFA demonstrated rapid
speckle decorrelation (z=28 ms) compared with TKFA (z=254 ms) and fibrous plaque (z=540
ms). The average speckle decorrelation time constants computed for different plaque groups
under static conditions are plotted in Figure 2b. The TCFA group had the lowest 7 (47.5+19.2
ms), and the FC group had the highest 7 (685.0+133.0 ms) compared with all the other plaque
groups. The results of the ANOVA test demonstrated that differences in zbetween all the plaque
groups were highly significant (P<0.001). The results of Dunnett’s t test to compare pairwise
differences in average speckle decorrelation time constant between multiple plague groups are
tabulated in Table 1, with the probability value reported in each case. We have controlled for
multiple comparisons between plagque groups by performing Dunnett’s t tests only after
ascertaining that the probability value from the 2-way ANOVA test (P<0.0001) was significant.
The IH, fibrous, and FC groups differed significantly from each of the other groups (P<0.05).
The differences in z for the 3 plaque groups—TKFA, FA, and PIT—and that of other groups
were highly significant (P<0.05); however, the differences between the 3 groups were not
significant. The differences in average speckle decorrelation time constant for TCFA and each
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of the plaque groups were highly significant (P<0.001) in all cases. The sensitivity and
specificity of LSI in identifying TCFAs, evaluated at a threshold value of z=76.6 ms were 100%
(95% Cl, 87% to 100%) and 92.3% (95% CI, 86% to 97%), respectively. The area under the
ROC curve was 0.97 (95% CI, 0.92 to 0.97).

Figure 3 demonstrates the spatial distribution of z as a function of beam location for 1 specimen
measured by scanning the laser beam at 500-um intervals over a distance of 4.5 mm. As the

beam was scanned across the lesion, z varied significantly depending on tissue type:  was low
(20 to 50 ms) in the necrotic core and higher (=600 ms) in the predominantly fibrous regions
(Figure 3). Figure 4 depicts a 2D color map of the spatial distribution of 7, measured by scanning
the laser beam at 300-um increments across a 4.5x4.5-mm region containing a fibroatheroma.
The fibroatheroma can be clearly identified in the color map as a well-demarcated region with
a significantly lower 7 relative to the surrounding aortic tissue. On visual inspection, the size
and shape of the lesion in the color map agree well with the accompanying gross pathology.

Relationship Between Plaque Features and Laser Speckle Decorrelation

Plaque collagen content ranged from 0.2% for TCFA to 91% for fibrous plaque. In Figure 5a,
total collagen content is plotted against z all 74 plagues of the TCFA, TKFA, fibrous, and FA
groups. Linear regression analysis showed good correlation between plaque collagen content
and 7 (R=0.73, P<0.0001). In Figure 5b, 5c, and 5d, 7 is plotted against minimum cap thickness,
necrotic core area, and macrophage content, respectively. Minimum fibrous cap thickness in
necrotic core fibroatheromas ranged from 11 um (z=21 ms) to 406 um (=546 ms). The necrotic
core areas ranged from 0.03 mm? (z=40 ms) to 0.47 mm? (=369 ms). Linear regression analysis
demonstrated a high positive correlation between minimum cap thickness and = (R=0.87,
P<0.0001) and a strong inverse relationship between necrotic core area and  (R=—0.81,
P<0.0001). Macrophage content measured from the CD68-stained sections ranged from 0.01%
to 46% and did not demonstrate correlation with z (R=-0.2, P=0.37).

Atherosclerotic Plaque Characterization: Deforming Conditions

The rate of speckle decorrelation increased with deformation rate and was dependent on plaque
type. Twelve of 25 aortic plaques, imaged during plaque deformation, were histologically
classified as necrotic core fibroatheromas. Table 2 shows the results of linear regression
analysis to determine the influence of stretch rate on decorrelation time constant for the necrotic
core fibroatheromas. At each deformation rate under consideration, a strong positive
correlation was demonstrated between 7 and fibrous cap thickness (P<0.05).

Table 3 summarizes the performance characteristics of LSI for the identification of necrotic
core fibroatheromas (cap thickness <100 um) during arterial deformation with the sensitivity,
specificity, and area under the ROC curve reported. A cap thickness of 100 um was selected
as the smallest cap thickness at which the = value for necrotic core fibroatheromas was
differentiable from other plaque groups during deformation (P>0.05). The cap thickness
threshold of <65 um could not be used in the deformation experiments because it was difficult
to maintain the structural fidelity of very thin fibrous caps, which often fissured at high stretch
velocities. Under deforming conditions, high sensitivity and specificity were achieved; even
at the highest stretch rate of 200 «m/s, the sensitivity and specificity were 96% (95% ClI, 89 to
100) and 95% (95% ClI, 87 to 100), respectively, and the area under the ROC curve was 0.95
(95% ClI, 0.79 to 0.99).

Discussion

We have described LSI, a new technique that measures the intrinsic Brownian motion of plaque
molecules to provide an index of viscoelasticity.11:19 By analyzing time-varying laser speckle
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patterns to calculate speckle decorrelation time constants, we have shown that the Brownian
motion of scatterers within atherosclerotic plaques depends on plaque composition.

TCFAs exhibited a significantly higher rate of speckle decorrelation (z=47 ms) compared with
other more stable lesions as a result of rapid Brownian motion of particles within the compliant
necrotic lipid pool (P<0.001). As a result, the LSI technique demonstrated high diagnostic
sensitivity (100%) and specificity (92%) for identifying TCFAs. Fibrous and fibrocalcific
lesions were also easily discriminated from lipid-containing lesions because of their
significantly higher time constants. We also found that LSI was sensitive to extracellular lipid
content in FA and PIT lesions, resulting in a significantly lower ¢ (=200 ms) compared with
fibrous and FC plaques (P<0.0001). In our analysis, 4 lesions, histologically confirmed to be
FA and PIT, contributed to false positives for TCFASs. In these cases, regions of extracellular
lipid in close proximity to the illumination location caused rapid speckle decorrelation,
resulting in a lower z.

We have also demonstrated the use of LS| in evaluating gross plague morphology. By scanning
the illumination beam over the lesion and computing z at each beam location, we demonstrated
that 2D maps can be reconstructed to evaluate the spatial variation in plaque viscoelasticity
(Figure 4). Although scanning the beam provides a 2D representation of morphology within
the probed volume, spatial variation in speckle fluctuations of the speckle pattern at each
illumination location may be used to better distinguish plaque viscoelasticity as a function of
depth. Monte Carlo simulation studies have shown that as light propagates through tissue,
photons returning from deeper regions within the tissue have a higher probability of remittance
farther away from the source beam entry point.2%:21 By exploring this feature of LSI, in
conjunction with beam scanning, it may be possible to obtain 3D volumetric maps of plaque
viscoelasticity distributions. When analyzed in this manner, LSI specificity may be improved
by better discriminating FA and PIT with superficial lipid from TCFA lesions.

LSI measures an index of viscoelasticity, and in our study we found the measurement of z to
be correlative with collagen content, fibrous cap thickness, and necrotic core area. LSI
measurements of z showed high correlation with plaque collagen content (R=0.73, P<0.001),
and because fibrous cap thickness in necrotic core lesions is closely related to plaque collagen
content, we similarly found a high correlation between z and minimum cap thickness in these
lesions (R=0.87, P<0.001). Likewise, a strong negative correlation (R=—0.81, P<0.0001) was
demonstrated between z and necrotic core area. Plaque features such as collagen content,
fibrous cap thickness, and necrotic core area are interrelated and contribute to the viscoelastic
properties of the plaque. The data presented in Figure 5 suggest that the relationship between
7 and plague viscoelasticity may deviate from linearity and follow a more complex nonlinear
model. However, the significant linear correlation does imply that the measures are highly
related. Our data did not elucidate a relation between macrophage content and z in necrotic
core fibroatheromas, indicating that macrophage density may not directly influence plaque
viscoelasticity. FC plaques were not included in the analysis of plaque collagen content because
the speckle decorrelation rate was governed by the extent of calcification rather than the plaque
collagen content in these lesions.

To evaluate the potential for LSI in patients, we investigated the behavior of laser speckle
fluctuations during arterial deformation. LSI achieved high sensitivity and specificity in
identifying necrotic core fibroatheromas with cap thickness <100 xm, indicating that LS| may
be used in vivo. At stretch velocities of 10 to 200 um/s, we found that z remained strongly
correlated to fibrous cap thickness, suggesting that high-risk plaques may be identified during
physiological coronary pulsation.
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To extend LSI to patient studies, small-diameter flexible optical fiber bundles, similar to those
of coronary angioscopy,?? could be used to launch laser light to the imaging tip and to obtain
laser speckle images of coronary plaques. LSI can be performed safely with <100 xW power
incident on the vessel wall. As with other optical imaging techniques, the presence of blood
could hinder accurate imaging of the arterial wall.23 Intracoronary saline flushing has been
successfully implemented in in vivo optical coherence tomography and angioscopy procedures
in which a bolus of saline is injected to temporarily displace blood and completely fill the
lumen between the imaging catheter and coronary wall, thus enabling unobstructed imaging
of the coronary wall.24-26 Clinical studies using optical coherence tomography have shown
that it is possible to completely purge the coronary lumen with saline during imaging to ensure
that backscattering of light from blood cells is negligible.24-26 Likewise, this technique of
intracoronary saline flushing may be used in conjunction with LSI to obtain intracoronary
speckle images in vivo.

Study Limitations

Because cadaveric specimens were used in the study and were stored at 4°C in PBS before
imaging, it is possible that minor degradation of the specimen may have occurred. Hence, it is
possible that absolute measurements of 7 obtained from ex vivo specimens may slightly vary
under in vivo conditions. However, in the present study, because the differences in z between
the plaque groups were highly statistically significant (P<0.0001), we anticipate that these
relative differences will be maintained under in vivo conditions.

During imaging, the luminal surface of the aortic specimen was exposed just above the level
of PBS and not completely submerged within the bath. This was done to facilitate ink marking
of the lesion site and to minimize laser speckle fluctuations occurring as a result of air currents
above the PBS surface under in vitro conditions.

Registration of speckle images with corresponding histology was accomplished through the
use of ink marks on the lesion site. Because tissue composition may vary as a function of
measurement location, any errors in registration between speckle and histology images could
affect our results. The estimation of collagen content, necrotic core area, and macrophage
content was performed over a 1.0x0.5-mm region in a single histology section obtained at the
center of the lesion. However, the variation in these features over the measurement volume
could influence the corresponding speckle pattern and potentially affect - measurements.

The measurement of z was performed by fitting a single exponential to the normalized speckle
decorrelation data. However, the heterogeneous composition of atherosclerotic plaque may
contribute to speckle decorrelation functions that are multiexponential in nature. By evaluating
the contribution of the distributions of different decorrelation time constants, we may be able
to increase the efficacy of LSI in investigating plague heterogeneity.

During arterial deformation experiments, tissue slippage during deformation could occur,
which may affect r measurements. Tissue tearing at high deformation rates frequently occurred
in FC plaques; as a result, these specimens were excluded from the deformation studies. Using
our in vitro setup, we were unable to evaluate the efficacy of LSI in identifying TCFAs (cap
thickness <65 um during deformation. We observed that aortic deformation at high stretch
velocities caused thinning and fissuring of very thin fibrous cap during stretching, resulting in
asmall number of TCFAs analyzed in our deformation experiments. It is possible that extreme
thinning of the fibrous cap, effects of minor tissue degradation during storage, and multiple
stretching at high stretch rates of 10 to 200 zm/s may have contributed to fissuring of necrotic
core fibroatheromas with very thin fibrous caps. The cap thickness of 100 zm was selected as
the smallest cap thickness at which the identification of necrotic core fibroatheromas during
deformation was achieved with statistical significance (P<0.05).
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Under in vivo conditions, cyclic coronary deformation occurs in both the axial (longitudinal)
and circumferential directions along the arterial wall. The cyclic arterial stretch is
predominantly larger in the circumferential direction than in the axial direction, and we expect
that the relatively small axial deformation would not significantly affect the correlation
between speckle decorrelation time constants and plaque type. For this reason, we tested the
influence of only circumferential stretch on LSI measurements.

In our study, although speckle images were acquired over a 2-second duration, measurements
were performed by single exponential fitting of the region of the normalized speckle
decorrelation curve over which the cross-correlation value dropped to 75% of its maximum.
Under static conditions, this corresponded to an average acquisition time of 40 ms for TCFAs
and 200 ms for FC plaques. We expect that this relatively short acquisition time would allow
for a sufficient temporal window during the resting phase of the cardiac cycle to obtain
diagnostic quality speckle data by minimizing the influence of cardiac motion in vivo.

Other Plaque Characterization Methods

Conclusions

A variety of catheter-based imaging methods such as intravascular ultrasound, thermography,
infrared spectroscopy, angioscopy, intravascular MRI, and optical coherence tomography have
been investigated for the characterization of coronary plaque.12:22:24,:27-34 These methods are
complementary to techniques that measure biomechanical properties because they provide
structural and compositional information that contributes to plaque stability. Intravascular
ultrasound elastography facilitates atherosclerotic plaque characterization by computing local
strains in the plaque in response to intraluminal pressure differentials exerted on the arterial
wall.35:36 An optical method, laser strain gauge, has been described that evaluates laser speckle
shifts to compute strains in arterial tissue resulting from an extrinsic applied load.3” These
techniques provide important information in that they afford the measurement of arterial
response to a dynamic external loading environment, thus aiding the investigation of features
contributing to plaque instability. However, measurement of plague biomechanical properties
with these approaches requires a priori knowledge of the microscopic plaque morphology and
loading conditions to solve the inverse problem.

This study has demonstrated that the measurement of intrinsic Brownian motion of molecules
within an atherosclerotic plaque from laser speckle images can be used to accurately distinguish
plaque composition. Studies have shown that measurement of the time scale and mean square
displacement of the trajectory of a particle can be used to calculate the viscoelastic modulus
of polymer solutions.1® Using these principles, we could potentially calculate in future studies
the intrinsic viscoelastic modulus of atherosclerotic lesions from LS| measurements
independently of the evaluation of extrinsic mechanical stresses on the arterial wall.

LSl is unique in that it enhances plaque characterization by providing measurements that are
related to the viscoelastic properties of atherosclerotic lesions. In doing so, at a single beam
location, LSI enables identification of plaque type and measures an index of viscoelasticity
that is related to plaque collagen content, fibrous cap thickness, and necrotic core area.
Additionally, reconstruction of plaque morphology can be accomplished by scanning the
illumination beam across the sample. Speckle images can potentially be obtained through
catheter-based fiber bundles and therefore may be used as an independent tool or as a powerful
adjunct to other optical techniques such as angioscopy. Given the wealth of information
provided by this technique and its potential for intracoronary use, we anticipate that LSI will
prove highly useful for the evaluation of high-risk coronary lesions.
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CLINICAL PERSPECTIVE

The evaluation of plaque composition and viscoelasticity can provide valuable insight into
intrinsic features associated with plaque rupture. The majority of atherosclerotic plaques
implicated in thrombus-mediated acute coronary events are thin-cap fibroatheromas that
comprise large compliant necrotic cores, mechanically weak, thin fibrous caps, and
macrophages. This study introduces a new optical imaging technique called laser speckle
imaging (LSI) to facilitate atherosclerotic plaque characterization and to enable the
identification of thin-cap fibroatheromas with high diagnostic sensitivity and specificity.
LSl is unique in that it measures the intrinsic Brownian motion of particles within the plaque
to provide an index of viscoelasticity that is related to plaque composition. Using ex vivo
studies on human cadaveric aortic plaques, the authors show that LSI measurements of
particular Brownian motion are related to plaque collagen content, necrotic core area, and
fibrous cap thickness. Additionally, by scanning the illumination beam, 2D maps of the
spatial distribution of plaque viscoelasticity can be reconstructed that may be useful to
identify potential sites of plaque rupture. Laser speckle images can potentially be obtained
through catheter-based optical fiber bundles and therefore may be used as an independent
tool or as a powerful adjunct to other optical techniques such as angioscopy. Given the
wealth of information provided by this technique and its potential for intracoronary use, we
anticipate that LSI will prove to be a highly useful method for the evaluation of high-risk
coronary plagues.
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A Helium Neon Laser (632 nm)
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Figure 1.

t =200 ms

a, Experimental setup to acquire laser speckle patterns from excised human cadaveric aortas.
Time-varying speckle patterns were obtained during both static and deforming states of tissue.
Avrterial deformation was incorporated by stretching aorta between 2 opposing linear stages.
b, Speckle patterns acquired from aortic TCFA lesion at different time points showing time-

dependent fluctuation of laser speckle.
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Figure 2.
a, Speckle decorrelation curves obtained for 3 aortic specimens: TCFA, TKFA, and fibrous

aortic plaques. b, Average decorrelation time constants computed for different atherosclerotic
plaque groups under static conditions. Error bars indicate SEM.
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Figure 3.
Variation in time constant 7 as illumination beam scans across lesion from fibrous tissue to
lipid-rich necrotic region.
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Figure 4.

Color map of distribution of = (30 to 400 ms) over 4.5x4.5-mm ROI across lesion. Presence of
lipid-rich plague with clearly demarcated borders is evident in color map and is corroborated
in accompanying gross pathology photograph.
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Figure 5.
Relation between plaque features and speckle decorrelation time constant z a, High positive

correlation is demonstrated between 7 and plaque collagen content for TCFA, TKFA, fibrous,
and FA lesions (R=0.73, P<0.0001). b, Strong positive correlation is demonstrated between z
and fibrous cap thickness for TCFA and TKFA lesions (R=0.87, P<0.0001). ¢, Strong negative
correlation is demonstrated between 7 and necrotic core area for TCFA and TKFA lesions
(R=—0.81, P<0.0001). d, No correlation was demonstrated between r and macrophage density
of TCFA and TKFA lesions (R=—0.2, P=0.36).
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Relation Between Speckle Decorrelation Time Constant and Minimum Cap Thickness of Necrotic Core
Fibroatheromas Under Deforming Conditions

Deformation Rate, #m/s R P

0 0.85 <0.001
10 0.72 <0.01
20 0.81 <0.01
50 0.76 <0.01
100 0.73 <0.01
200 0.65 <0.02
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TABLE 3

Page 19

Deforming Conditions: Performance of LSI in Identifying Necrotic Core Fibroatheromas (With Minimum Cap

Thickness <100 xm)

Stretch Velocity, um/s 7 Cutoff, ms  Area Under ROC Curve

Sensitivity, %

Specificity, %

10 66.5 0.98 (0.83-1.0)
20 55 0.98 (0.83-1.0)
50 35 0.92 (0.74-0.99)
100 125 0.99 (0.86-1.0)
200 9.75 0.95 (0.79-0.99)

95 (86-100)
96 (89-100)
97 (90-100)
99 (95-100)
96 (89-100)

96 (88-100)
95 (87-100)
82 (67-97)

99 (95-100)
95 (87-100)

Numbers within parentheses are 95% Cls.
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