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ABSTRACT

It is difficult to detect atherosclerotic plague from optical coherence tomography (OCT) images
via visual inspection. In this work, we developed three algorithms to allow us to detect
atherosclerotic plaque more effectively: (i) a statistical method that uses higher-order moments;
(if) a model-based method that enables vascular plaque to be automatically identified based on the
textural features in OCT images; (iii) and a sparsity-based segmentation algorithm in the curvelet
domain. All three algorithms do not rely on visual inspection at all.

The statistical method consists of three main components: extracting statistical image textural
features using the Spatial Gray Level Dependence Matrix (SGLDM) method; applying an
unsupervised Fuzzy C-means clustering algorithm to these features; and, finally, mapping specific
clustered regions—namely, background, plaque, vascular tissue, and the deep-depth degraded
signal in feature-space—back to the actual image. Since the use of the full set of 26 textural
features is computationally expensive and may not be practical for real-time implementation, we
identified a reduced set of 6 textural features, which were used to characterize vascular plague via
sparse principal component analysis. However, our clustering-based algorithm results had some
limitations, most notably non-smooth and coarse segmentation results.

To overcome this low spatial resolution limitation, we developed a stochastic model to segment
OCT images of vascular tissue into plague and non-plaque (i.e., healthy tissue) regions, as well as
background regions. Our stochastic model is based on a maximum a posteriori-Markov Random
Field (MRF-MAP) framework wherein OCT images of vascular tissue were modeled as a Markov
random field. This MRF-MAP-based algorithm yielded results with better spatial resolution, but
it is not consistent and also computationally expensive, thereby impractical for real-time

implementation.



Our third approach, using a sparsity-based segmentation algorithm in the curvelet domain,
overcame the two limitations above by generating both fast and high-resolution vascular plaque
detection from OCT images.

We verified the validity of the results of all three methods using both qualitative and quantitative
methods. Specifically, all results were compared with 1) actual photographic images of vascular
tissue samples, 2) histology results, and 3) ground truth obtained from manual segmentations
performed by four cardiovascular surgeons from the Intervention Cardiology Group at St. Boniface
Hospital, Winnipeg, Manitoba. These comparisons of results demonstrated that our three methods
allow good plaque detection, thus making them potential clinical tools for the detection of vascular

plague from OCT images and for clinical studies involving OCT imaging of vascular plaque.



ACKNOWLEDGMENTS

First and foremost, | wish to express my sincere gratitude to my advisor, Dr. Sherif Sherif,
for his guidance, mentorship, and immense knowledge. Working with you has been my richest
learning experience. Your advice on both my research and my career has been invaluable, and this

dissertation would not have been possible without your support and motivation.

I would like to thank Dr. Michael Sowa and Mr. Mark Hewko from the Institute for
Biodiagnostics, National Research Council Canada, for providing the vascular Optical Coherence
Tomography (OCT) images that were used in my work. | would also like to thank Dr. David Allen,
Dr. Kunal Minhas, Dr. Amir Ravandi, and Dr. Ashish Shah from the Intervention Cardiology
Group at St. Boniface Hospital for their valuable help in identifying vascular plaque in these

images.

My sincere thanks go to my Ph.D. advisory committee, Dr. Pradeepa Yahampath, and Dr.

Jitendra Paliwal, for their valuable input on my research.

I would also like to thank my friends, Snehil, Shachi, Sumitha, Sujith, and Randupama, for
their valuable advice, for our many enriching philosophical debates and exchanges of knowledge,

and for their constant love and support.

Finally, I would like to thank my parents and my brother, Arvind, for showing faith in me

and encouraging me to pursue my goals.



TABLE OF CONTENTS

F A =S I Y O OSSPSR [
ACKNOWLEDGMENTS ...ttt bbbttt ii
TABLE OF CONTENTS ..ottt bbbttt bbbt 1\
LIST OF TABLES ..ottt s et te s nenteeneene e vii
TABLE OF FIGURES. .......coiiiiiiiiiee ettt viii
THESIS CONIITDULION. ......eiitiiiiiiciee bbb bbb nes Xiii
Chapter 1:  INEFOAUCTION .......cuiiiitiiieieeie e bbbt sr bbb 14
1.1 THESIS MOTIVALION ..ottt ettt bbb e eneas 14
1.2 Background on vascular plaque and a review of relevant imaging techniques ............. 15
1.2.1 A general overview of vascular diSEase...........ccoeveririiiniiiiieiecee s 15
1.2.2  Formation of vascular plagUe...........cccocveiieiiiiie i 17
1.2.3  Risk factors of vasCular diSEaSE ............ccuuiiiririereie e 19
1.2.4  Types of vasCular PIAQUE .........coooiiiiiiiiiieeee s 21
1.3 IMaging tECANIGUES .......civieieiiiecie ettt e re e te e e eneenas 22
1.4 DisSertation OULIING ........ccooiiiiiiiieie e 28
CRAPLEE 2:  DALASELS ......eeueeieeteteit ettt b et b e bbbttt et bbbt eneas 29
2.1 TEXIUIE @NAIYSIS.....eiiteeiiiie ittt ettt e et e st e et e st e e n et e e neeteeneens 29
2.2 DALASELS ...ttt e nn e bt e e ane e 33
2.2.1  ANIMAl MOUEL.... .ottt sre e sreeneeenee e 34
2.2.2  OCT imaging modality used in thiS WOrK.............ccccvveveiiiiicic e 35
2.3 Preprocessing Of OCT data ........cccoveuiiieiicic e 37
2.4 Evaluation of our Segmentation reSUILS ............coiiiiiiiiiieiese s 39
2.4.1  Qualitative BValUALIONS........c..coviicriicie ettt 39
2.4.2  Quantitative eValUALIONS..........cceiiviiiieccrec ettt 43
2.5 SUMIMAIY oottt bbbt e bttt b e bttt b e b et b e b e nne e 45
Chapter 3:  Detection of vascular plaque in optical coherence tomography images using
TEXEUNAL TEALUIES. ... ettt r et e e e reesaeeseeereesteeneeeneenreeneeanee e 46
T8 A 111 £ [Nt A o o S 46
3.2 Methods of plaque AetECLION .......c.eciiiiie et 47
3.2.1  Textural feature generation .........cooceieieririreiieie e 47
3.2.2  Feature NOrMaliZAtiON ........cccveieeieiieee et 50
3.2.3  Textural feature SEIECTION.......cciiiiiieece e 51
3.3 Application of Fuzzy C-means algorithm on reduced feature space ..........c.cccccevvveennnns 58



3.4 Plague deteCtion rESUILS.........ccviiieieeecie sttt 60

3.4.1 Qualitative evaluation of our results by comparing with ground truth........................ 60
3.4.2 Quantitative evaluation of our results by using standard metrics............ccccoevvvrennene 71
3.5 DISCUSSIONS. ...ttt sttt sttt e et b bbbttt b e bbb bt bt et e bbb e st et b anes 77
3.5.1  Discussion on quantitative reSUILS...........coovriiiiieieic e 77
3.5.2  Discussion on COMPUEALION TIME........cciiiiiiiiieieiees e 78
3.5.3  Discussion on the effect of image window size for feature generation .................. 80
K 2L I @70 0 Tod 1§ 1Y o] ST RPR 83
Chapter 4:  Detection of Vascular Plaque from Optical Coherence Tomography Images Using
Markov Random Field Model-Based SEgmeNtation.............ccccvevveieeiieieiiieseeie e see e 84
g 1011 oo (1ot 1 o] SRR 84
4.2 Definition of Markov Random Field (MRF)........ccccooviiiiieii e 86
4.3  Representing OCT iMages @S MRFS ........cciveiiiieiicie e 88
4.4  MRF-MAP model-based segmentation reSUILS ..........cccoeieiiieninininieeeee e 91
4.4.1 Qualitative evaluation of our results by comparing with ground truth........................ 91
4.4.2 Quantitative evaluation of MRF-MAP based segmentation results ...............ccccceeve.e. 97
I I 1ol U 1] o] SRS S 98
4.5.1  Discussion on quantitative reSUILS..........ccccveiieiiciie e 98
4.5.2  Discussion on COMPULAtIoN tIME........ccveiieiieiieiicic e 99
T O] o 1151 o] OSSR 100
Chapter 5:  High-resolution classification of vascular plaque in optical coherence tomography
images using sparsity-based segmentation in the curvelet domain ...........cccccccoeveveiieie e, 101
T8 A 11 0o 1 od 1 o] PSSR 101
5.2 Sparsity-based image SegMENtAtioN ...........c.cccveiveiiiiieie e 102
5.2.1 CUIVEIEt tranSTOMM ... e et 102
5.3 Implementation and results of our vascular plaque classification method ....................... 104
5.3.1 Qualitative evaluation of our results by comparing with ground truth...................... 106
5.3.2 Quantitative evaluation of curvelet based segmentation results............c.cccccoveenennis 112
5.4 DISCUSSIONS ....vveveerteeseesieesieeseesseeseeeseesseesteaseesseesaeeseeaseesseasseaseesseasenaseesseansesnensseenenssenssenneens 114
5.4.1 Discussion on gquantitative evaluations and computation time............cccoeevevve e, 114
5.5 CONCIUSIONS ..ottt st e b et et e s ne e sbe et e s reenbeaneeas 116
Chapter 6:  Conclusions and fULUIE WOTK ...........cccooiiiiiiiiiie e 118
LG T R YU | 1 010 - Y USRS 118
RETEIBINCES ...ttt bbbttt b bt et R e bbbt e e e ns 126
Appendix A: Spatial Gray Level Dependence Matrices (SGLDM) ........ccccovviviiiincieninininns 142



R BT EIENCES ...t ettt oo ettt e e e e e e e e e et e e e e e e e e et e e e e e a e e ——— 145

Appendix B: Least Absolute Shrinkage and Selection Operator .............ccooevevererercneninininns 146
R (=T 1] (TSRS 148
Appendix C: Least Angle Regression (LARS) ......ociiiieiiicceee e 149
R (=T =] 0TSRRI 151
LSt OF BCTONYIMS ...ttt bbbt bbb bbb 152

Vi



LIST OF TABLES

Table 2.1. OCT dataset used in thiS rESEAICN. ........ccceiueiieiiiie e 33
Table 3.1. Haralick textural TEatUIES. .........ccuoiiiiieie s 49
Table 3.2. Haralick textural feature set in the © = 0° and © = 90° directions with d=1 selected

using the GA feature selection algorithm. ..........c.ccoevi e 54
Table 3.3. Selected Haralick textural feature set in © = 0% and © = 90° directions with d=1 obtained

using the PCR feature selection method. ...........c.ccoveiiiiiiii i 58
Table 3.4. Quantitative evaluation of Fuzzy C-means plaque segmentation algorithm using the full

26 TEALUIE SBL ... eiteitiitieiiei ettt bbb bbb ettt b bt 72
Table 3.5. Quantitative evaluation of Fuzzy C-means plaque segmentation algorithm using reduced

feature set obtained from the GA algorithm. ... 73
Table 3.6. Quantitative evaluation of Fuzzy C-means plaque segmentation algorithm using the

reduced feature set obtained from the sparse PCA algorithm. ............ccccoevviiiiiiicn e, 74
Table 3.4. Computation-time comparison between the 26-feature set and the 6-feature set........ 79
Table 4.1. Quantitative evaluation of MRF-MAP-based plaque segmentation algorithm. ......... 97
Table 4.2. Computation time required to implement the MRF-MAP method. ...........cccccevenee 100
Table 5.1. Scale and orientation of SUDDANGS. ........cccooiiiiiiiie e 105
Table 5.2. Parameters used in image transformation in the curvelet domain. ...........ccccoccevvenens 106
Table 5.3. Quantitative evaluation of curvelet-based plaque segmentation algorithm............... 113
Table 5.4. Computation time required for the implementation of our curvelet method.............. 116

vii



TABLE OF FIGURES

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

1.1, Arterial @NATOMY. ..cviiiiiiiie ettt b a e e reene s 17
2.1. Vascular tissue BreakdOWN. ..........cceiiiiiiiecc e 34
2.2. Photographic image of vascular tissue of section 5-1-2 of a 456 days old WHHML rabbit.
............................................................................................................................................... 35
2.3 (b). Intravascular OCT IMAagiNg SELUP. ...ooveereiiieiieie et see ettt 37
2.4. Examples of preprocessed OCT images of tissue sections: (a) 6-1-1 from a 309 day-old

rabbit; (b) 6-1-2 from a 316 day-old rabbit; (c) 5-1-1 from a 577 day-old rabbit; (d) 5-1-1
from a 309 day-old rabbit; (e) 6-1-1 from a 316 day-old rabbit; (f) 5-1-2 from a 577 day-old
72 10] 0] 1 SOOI 38
2.5. OCT images of vascular tissues based on the consensus of 4 cardiac surgeons: (a) 5-1-2
from a 316 day-old rabbit; (b) 6-1-2 from a 316 day-old rabbit; (c) 6-1-2 from a 365 day-old
rabbit; (d) 6-1-2 from a 456 day-old rabbit; (e) 6-1-2 from a 342 day-old rabbit; (f) 6-1-2 from
a 330 day-old rabbit; (g) 6-1-2 from a 577 day-old rabbit; (h) 5-1-1 from a 577 day-old rabbit;
(i) 5-1-2 from a 577 day-old rabbit; (j) 6-1-2 from a 309 day-old rabbit. ..........c......cco... 40
2.6. Photographic images of vascular tissues: (a) 5-1-2 from a 316 day-old rabbit; (b) 6-1-2
from a 316 day-old rabbit; (c) 6-1-2 from a 365 day-old rabbit; (d) 6-1-2 from a 456 day-old
rabbit; (e) 6-1-2 from a 342 day-old rabbit; (f) 6-1-2 from a 330 day-old rabbit; (g) 6-1-2 from
a 577 day-old rabbit; (h) 5-1-1 from a 577 day-old rabbit; (i) 5-1-2 from a 577 day-old rabbit;
(7) 6-1-2 from a 309 day-0ld rabbit. ........c.cceiiiiii s 41
2.7. Histology images of vascular tissues: (a) 5-1-2 from a 316 day-old rabbit; (b) 6-1-2 from
a 316 day-old rabbit; (c) 6-1-2 from a 365 day-old rabbit; (d) 6-1-2 from a 456 day-old rabbit;
(e) 6-1-2 from a 342 day-old rabbit; (f) 6-1-2 from a 330 day-old rabbit; (g) 6-1-2 from a 577
day-old rabbit; (h) 5-1-1 from a 577 day-old rabbit; (i) 5-1-2 from a 577 day-old rabbit; (j) 6-

1-2 from a 309 day-0ld rabbit. ..o 42
2.8. Hlustration of TP, TN, FP, and FN.......ccuiiiiiiiii et 43
3.1. The two (0°and 90°) orientations used to construct the SGLDM matrices in our algorithm.
............................................................................................................................................... 48
3.2. Flowchart of the genetic algorithm optimization working principle [98]. ...........c......... 54

3.3. (a) Raw OCT image of vascular tissue section 5-1-1 taken from a 309 day-old WHHLMI
rabbit; (b) photographic image of vascular tissue section; (b) oil red histology of vascular
tissue; (c) ground truth; (d) plaque detection results of analysis of an OCT image of vascular
tissue showing plaque and no-plaque regions using the full set of 26 textural features; (e)
plaque detection results of analysis of an OCT image of vascular tissue using the reduced set
of 6 textural features from GA algorithm; (f) plague detection results of analysis of an OCT
image of vascular tissue using the reduced set of 6 textural features from sparse PCA
1[0 0] 11114 AT PSR 61
3.4. (a) Raw OCT image of vascular tissue section 5-1-2 from a 316 day-old WHHLMI rabbit;
(b) photographic image of vascular tissue section; (b) oil red histology of vascular tissue; (c)
ground truth; (d) plaque detection results of analysis of an OCT image of vascular tissue
showing plaque and no-plaque regions using the full set of 26 textural features; (e) plagque
detection results of analysis of an OCT image of vascular tissue using the reduced set of 6
textural features from GA algorithm; (f) plaque detection results of analysis of an OCT image
of vascular tissue using the reduced set of 6 textural features from sparse PCA algorithm.. 62
3.5. (@) Raw OCT image of vascular tissue section 6-1-2 taken from a 316 day-old............. 63

viii



Fig. 3.6. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 330 day-old WHHLMI

rabbit; (b) photographic image of vascular tissue section; (b) oil red histology of vascular
tissue; (c) ground truth; (d) plaque detection results of analysis of an OCT image of vascular
tissue showing plaque and no-plaque regions using the full set of 26 textural features; (e)
plaque detection results of analysis of an OCT image of vascular tissue using the reduced set
of 6 textural features from GA algorithm; (f) plaque detection results of analysis of an OCT
image of vascular tissue using the reduced set of 6 textural features from sparse PCA
1[0 0] 1 1 1o AT 64

Fig. 3.7. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 342 day-old WHHLMI

rabbit; (b) photographic image of vascular tissue section; (b) oil red histology of vascular
tissue; (c) ground truth; (d) plaque detection results of analysis of an OCT image of vascular
tissue showing plaque and no-plaque regions using the full set of 26 textural features; (e)
plaque detection results of analysis of an OCT image of vascular tissue using the reduced set
of 6 textural features from GA algorithm; (f) plaque detection results of analysis of an OCT
image of vascular tissue using the reduced set of 6 textural features from sparse PCA
AIGOTTENIML L.ttt a bbb 65

Fig. 3.8. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 365 day-old WHHLMI

rabbit; (b) photographic image of vascular tissue section; (b) oil red histology of vascular
tissue; (c) ground truth; (d) plaque detection results of analysis of an OCT image of vascular
tissue showing plaque and no-plaque regions using the full set of 26 textural features; (e)
plaque detection results of analysis of an OCT image of vascular tissue using the reduced set
of 6 textural features from GA algorithm; (f) plaque detection results of analysis of an OCT
image of vascular tissue using the reduced set of 6 textural features from sparse PCA
AIGOTTENIML L.ttt a bbb 66

Fig. 3.9. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 456 day-old WHHLMI

Fig.

Fig.

rabbit; (b) photographic image of vascular tissue section; (b) oil red histology of vascular
tissue; (c) ground truth; (d) plaque detection results of analysis of an OCT image of vascular
tissue showing plaque and no-plaque regions using the full set of 26 textural features; (e)
plaque detection results of analysis of an OCT image of vascular tissue using the reduced set
of 6 textural features from GA algorithm; (f) plaque detection results of analysis of an OCT
image of vascular tissue using the reduced set of 6 textural features from sparse PCA
AIGOTTENIML L.ttt et b 67
3.10. (a) Raw OCT image of vascular tissue section 5-1-2 taken from a 577 day-old
WHHLMI rabbit; (b) photographic image of vascular tissue section; (b) oil red histology of
vascular tissue; (c) ground truth; (d) plaque detection results of analysis of an OCT image of
vascular tissue showing plaque and no-plaque regions using the full set of 26 textural features;
(e) plaque detection results of analysis of an OCT image of vascular tissue using the reduced
set of 6 textural features from GA algorithm; (f) plaque detection results of analysis of an
OCT image of vascular tissue using the reduced set of 6 textural features from sparse PCA
1[0 0] 41101 0 1 USSR PP PRI 68
3.11. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 577 day-old
WHHLMI rabbit; (b) photographic image of vascular tissue section; (b) oil red histology of
vascular tissue; (c) ground truth; (d) plaque detection results of analysis of an OCT image of
vascular tissue showing plaque and no-plaque regions using the full set of 26 textural features;
(e) plaque detection results of analysis of an OCT image of vascular tissue using the reduced
set of 6 textural features from GA algorithm; (f) plaque detection results of analysis of an



OCT image of vascular tissue using the reduced set of 6 textural features from sparse PCA
1[0 0] 1 1 1o AT 69
Fig. 3.12. (a) Raw OCT image of vascular tissue section 5-1-1 taken from a 577 day-old
WHHLMI rabbit; (b) photographic image of vascular tissue section; (b) oil red histology of
vascular tissue; (c) ground truth; (d) plaque detection results of analysis of an OCT image of
vascular tissue showing plaque and no-plaque regions using the full set of 26 textural features;
(e) plaque detection results of analysis of an OCT image of vascular tissue using the reduced
set of 6 textural features from GA algorithm; (f) plaque detection results of analysis of an
OCT image of vascular tissue using the reduced set of 6 textural features from sparse PCA

1[0 0] 1 ] 1o AT 70
Fig. 3.13. Comparison of precision metric of segmentation results obtained using reduced feature
sets from GA and sparse PCA method, and a full feature set. ..........cccoceeveiieiein e 75
Fig. 3.14. Comparison of MCC metric of segmentation results obtained using reduced feature sets
from GA and sparse PCA method, and a full feature Set..........cccoovvvevienieiieeiine e 76
Fig. 3.15. Comparison of Dice coefficient metric of segmentation results obtained using reduced
feature sets from GA and sparse PCA method, and a full feature set..........cccccevvvvervennnne 76
Fig. 3.16. Comparison of average values of evaluation metrics of segmentation obtained using
reduced feature sets from GA and sparse PCA method, and a full feature set .................... 78
Fig. 3.17. computation time required using the full feature set and the reduced feature set........ 80

Fig. 3.18. Comparison of second-order parameters extracted from the SGLDM of plaque vs non
-plaque regions on different windows size: (a) angular second moment (ASM ); (b) sum
average; (c) information measures of correlation I1; (d) inertia; (e) sum variance; (f) difference
variance. Features were evaluated with various window sizes — Gray bars plague region;
White bars: healthy regiONS. .........ooieiiiiie e 82

Fig. 4.1. (a) First-order neighborhood system, where the conditional probability of Xs (black pixel)
depends only on four neighboring random variables represented as white pixels; (b) second
neighborhood system, where the conditional probability of Xs (black pixel) depends only on

eight neighboring random Variables. ... 86
Fig. 4.2. 2D rectangular image BIOCK............coviiiiiiiiiccec e 86
Fig. 4.3. Y is the observed MRF, X is the HMRF whose labels are estimated using the observed
FANAOM FIEIG. ..ottt 88

Fig. 4.4. (a) Raw OCT image of vascular tissue section 5-1-1 taken from a 309 day-old WHHLMI
rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-stained histology
image; (d) ground truth; (e) plague segmentation using MRF-MAP based segmentation; (f)
eXtracted PlAgUE FEOION. .......eeiveeie ettt et re et e s e sreene e 92

Fig. 4.5. (a) Raw OCT image of vascular tissue section 5-1-2 taken from a 316 day-old WHHLMI
rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-stained histology
image; (d) ground truth; (e) plague segmentation using MRF-MAP based segmentation; (f)
L (o CTo Il F o UL =T o o] o APPSR 92

Fig. 4.6. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 316 day-old WHHLMI
rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-stained histology
image; (d) ground truth; (e) plague segmentation using MRF-MAP based segmentation; (f)
L (o CTo Il F o UL =T o o] o APPSR 93

Fig. 4.7. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 330 day-old WHHLMI
rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-stained histology



image; (d) ground truth; (e) plague segmentation using MRF-MAP based segmentation; (f)
EXLraCted PlAGUE FEOION. ....c.eiiitiiei ettt nb e 93

Fig. 4.8. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 342 day-old WHHLMI

rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-stained histology
image; (d) ground truth; (e) plague segmentation using MRF-MAP based segmentation; (f)
EXLraCted PlAGUE FEOION. ....c.eiiitiii ettt 94

Fig. 4.9. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 365 day-old WHHLMI

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-stained histology
image; (d) ground truth; (e) plague segmentation using MRF-MAP based segmentation; (f)
EXLraCted PlAGUE FBOION. ....c.eiiieiii et b b 94
4.10. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 456 day-old
WHHLMI rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-
stained histology image; (d) ground truth; (e) plaque segmentation using MRF-MAP based
segmentation; (f) extracted plague regioN. ..........ccviiiiriiereie i 95
4.11. (a) Raw OCT image of vascular tissue section 5-1-2 taken from a 577 day-old
WHHLMI rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-
stained histology image; (d) ground truth; (e) plaque segmentation using MRF-MAP based
segmentation; (f) extracted plague regioN. ...........cvviiieieieie e 95
4.12. (a) Raw OCT image of vascular tissue section 6-1-2 from a 577 day-old WHHLMI
rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-stained histology
image; (d) ground truth; (e) plague segmentation using MRF-MAP based segmentation; (f)
EXLraCted PlAGUE FEOION. ...ttt bbb sb e 96
4.13. (a) Raw OCT image of vascular tissue section 5-1-1 from a 577 day-old WHHLMI
rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-stained histology
image; (d) ground truth; (e) plague segmentation using MRF-MAP based segmentation; (f)

EXLraCted PlAGUE FEOION. ....o.viiitiiti ittt ne e 96
4.14. Comparison of average values of quantitative results of all the metrics of MRF-MAP
and clustering algorithm reSUITS ..........coviiiiie s 99
5.1. lustration of the curvelet algorithm. ...........cccoo i 104

Fig. 5.2. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 309 day-old WHHLMI

Fig.

Fig.

rabbit; (b) photographic image of vascular; (c) corresponding oil red-stained histology image;
(d) ground truth; (e) plague segmentation using curvelet-based segmentation; (f) extracted
O] E o [U T =T [ To] o PSSR OSSRTROPPSN 107
5.3. (&) Raw OCT image of vascular tissue section of 5-1-2 taken from a 316 day-old
WHHLMI rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-
stained histology image; (d) ground truth; (e) plague segmentation using curvelet-based
segmentation; (f) extracted plaque regioN...........cooveieiieiieie e 108
5.4. (a) Raw OCT image of vascular tissue section of 6-1-2 taken from a 316 day-old
WHHLMI rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-
stained histology image; (d) ground truth; (e) plague segmentation using curvelet-based
segmentation; (f) extracted plague regioN..........cccveiieeiieiie i 108

Fig. 5.5. (@) Raw OCT image of vascular tissue section 6-1-2 taken from a 330 day-old WHHLMI

rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-stained histology
image; (d) ground truth; (e) plaque segmentation using curvelet-based segmentation; (f)
eXtracted PlAgUE FEUION. .....ccvie ettt et s b e abeeannas 109

Xi



Fig. 5.6. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 342 day-old WHHLMI
rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-stained histology
image; (d) ground truth; (e) plague segmentation using curvelet-based segmentation; (f)
eXLracted PIAQUE FEOION. .......iiiiiiiiieeee bbbt 109

Fig. 5.7. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 365 day-old WHHLMI
rabbit; (b) photographic image of vascular tissue; (c) oil red-stained histology image; (d)
ground truth; (e) plague segmentation using curvelet-based segmentation; (f) extracted plaque
=TT o] TR TP PO PP TP PRURPRPRPIN 110

Fig. 5.8. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 456 day-old WHHLMI
rabbit; (b) photographic image of vascular tissue; (c) oil red-stained histology image; (d)
ground truth; (e) plaque segmentation using curvelet-based segmentation; (f) extracted plaque
=100 o TR ST TP PO PP TP PTPRPRPRPROIN 110

Fig. 5.9. (@) Raw OCT image of vascular tissue section 5-1-2 taken from a 577 day-old WHHLMI
rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-stained histology
image; (d) ground truth; (e) plaque segmentation using curvelet-based segmentation; (f)
EXLraCted PlAGUE FEOION. ....o.viiiiiiei ekttt 111

Fig. 5.10. (a) Raw OCT image of vascular tissue section 6-1-2 taken from a 577 day-old
WHHLMI rabbit; (b) photographic image of vascular tissue; (c) corresponding oil red-
stained histology image; (d) ground truth; (e) plague segmentation using curvelet-based
segmentation; (f) extracted plague regioN...........cccuiieiiieriie s 111

Fig. 5.11. (a) Raw OCT image of vascular tissue section 5-1-1 taken from a 577 day-old
WHHLMI rabbit; (b) photographic image of vascular tissue ; (c) corresponding oil red-
stained histology image; (d) ground truth; (e) plague segmentation using curvelet-based

segmentation; (f) extracted plague regioN. ...........couiiiieieriieiere s 112
Fig. 5.12. Comparison of average values of quantitative results of all the error metrics of Curvelet

based, MRF-MAP based, and clustering methods............ccccccevveriniinininie e 115
Fig. 6.1. Comparison of the precision metric for all three methods .............ccccoeveviiiiiiiieine. 119
Fig. 6.2. Comparison of the MCC metric for all three methods ............cccooviviiiiiinii 120
Fig. 6.3. Comparison of the Dice coefficient metric for all three methods ............cccccccveeeneenne. 120
Fig. 6.4. Comparison of computation time for all three methods. ............ccoceviiiiiiiiiie 121

xii



THESIS CONTRIBUTION

The following publications are directly related to the contents of this thesis:

1.

Prakash, A., Hewko, M., Sowa, M., & Sherif, S. (2012, October). Detection of
atherosclerotic vascular tissue from optical coherence tomography images. In Photonics
North 2012 (Vol. 8412, p. 841204). International Society for Optics and Photonics.
(published).

Prakash, A., Hewko, M., Sowa, M., & Sherif, S. (2013, May). Texture based segmentation
method to detect atherosclerotic plaque from optical tomography images. In European
Conference on Biomedical Optics (p. 88020S). Optical Society of America. (published).

Prakash, A., Hewko, M. D., Sowa, M., & Sherif, S. S. (2015). Detection of Atherosclerotic
Plaque From Optical Coherence Tomography Images Using Texture-Based
Segmentation,” Medical Technologies in Medicine, vol. 7, no. 1 (published).

Prakash, A., Hewko, M. D., Sowa, M., & Sherif, S. S. (2016). Vascular plague detection
with a reduced textural feature set from optical coherence tomography images. Photonics
North (PN) (published).

Prakash, A., Macias, M. O., Hewko, M., Sowa, M., & Sherif, S. (2016, May). Vascular
plaque detection with reduced textural feature set from optical coherence tomography
images. In 2016 Photonics North (PN) (pp. 1-1). IEEE (published).

Prakash, A., & Sherif, S. S. (2017). U.S. Patent application No. 20170251931A1.
Washington, DC: U.S. Patent and Trademark Office (Granted).

Prakash, A., Hewko, M., Sowa, M., & Sherif, S. (2018, April). Detection of vascular plaque
from optical coherence tomography images using hidden Markov random field based
segmentation. In Optics and the Brain (pp. JTh3A-48). Optical Society of America.
(published).

Prakash, A., Hewko, M., Sowa, M., Allen D., Minhas K., Ravandi A., Shah A., and Sherif,
S. S., “Automated Identification of Vascular Plaque in Optical Coherence Tomography
Images,”(submitted to Computer Methods and Programs in Biomedicine)

Prakash, A., Hewko, M., Sowa, M., Allen D., Minhas K., Ravandi A., Shah A., and Sherif,
S. S. (2021, Feb). High-resolution segmentation of vascular plaque in optical coherence
tomography images using sparsity-based s in the curvelet domain. In European Conference
on Biomedical Optics (p. 88020S). Optical Society of America. (submitted).

Xiii



Chapter 1: INTRODUCTION

1.1 Thesis motivation

Cardiovascular diseases are one of the leading causes of mortality and morbidity around the world.
As such, it is crucial for medical professionals to be able to detect the conditions that cause
cardiovascular disease. The formation of vascular plaque is considered to be the primary
underlying pathology of coronary heart disease, as it can accumulate to the point where it blocks
arterial blood flow. Among the many medical imaging methods that have been utilized to detect
vascular plaque, Intravascular Optical Coherence Tomography (IVOCT) has been proven to be
equal to Intravascular High-Resolution Ultrasound (IVVUS) in its ability to detect calcified plaque
morphologies. In addition, IVOCT also possesses several features that make it highly suitable for
intravascular imaging, including high imaging resolution, small-size fiber-based imaging probes,
and the availability of advanced image-processing techniques, which allow physicians to extract
diagnostic information from Optical Coherence Tomography (OCT) images. In this work, we
present three algorithms that enable the automatic detection of vascular plague from OCT images:
(i) a statistical method that utilizes higher-order moments; (ii) a model-based method that enables
vascular plaque to be automatically based on the textual features of OCT images; and (iii) a
sparsity-based segmentation algorithm in the curvelet domain that does not rely on visual
inspection. Our statistical method consists of 3 main steps: using the Spatial Gray Level
Dependence Matrix (SGLDM) method to extract a full set of 26 statistical features; applying an
unsupervised clustering algorithm method on these features; and mapping of the clustered regions:
namely, background, plaque, vascular tissue, and the deep-depth degraded signal in the feature-
space back to the actual image. Given that the use of the full set of 26 textural features is

computationally expensive and may not be feasible for real-time implementation, we also identify
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a reduced set of 6 textural features, which we use to characterize vascular plaque via sparse
principal component analysis. However, our clustering-based algorithms are hampered by several
limitations, most notably non-smooth and coarse segmentation results. To overcome this
limitation, we developed a stochastic model based on a maximum a posteriori — Markov Random
Field (MRF-MAP) framework, wherein OCT images of vascular tissues are segmented into
plaque and non-plagque. One of the main disadvantages of the MRF-MAP technique is that it has
extremely high computational costs due to requiring numerically approximating the MAP
estimate. To address this limitation, we utilize a sparsity-based method using a curvelets-based
algorithm, wherein the image is sparsely represented in the curvelets transform domain. The results
of these three algorithms were validated quantitatively by comparing them with ground truth,
which was formed based on the consensus of four surgeons. In addition, we further validated our
results visually by comparing them with histology and actual photographic images of vascular
tissues. It is expected that our results will yield an efficient pre-clinical tool for detecting vascular

plaque from OCT images.

1.2 Background on vascular plague and a review of relevant imaging techniques

1.2.1 A general overview of vascular disease

Coronary heart disease (CHD) did not become a significant problem until the beginning of the
20th century. The later part of the 20th century, particularly between 1968 and 1980 [1], saw a
dramatic increase in the prevalence of CHD and its entrenchment as a significant cause of
mortality and morbidity in developed countries in Europe and North America [1,2], largely due to
changing lifestyles within these countries. Comparative prevalence of the condition is currently

witnessed in several countries across the globe. In the developed world, atherosclerosis is a leading
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cause of death and disability, with vascular diseases being one of the leading causes of death in
Canada.

Approximately 70,000 Canadians suffer strokes each year; another 16,000 die from heart attacks,
which accounts for 29% of all deaths in Canada [3]. The decline is partially explained by improved
survival rates after myocardial infarction (M1). Nine in ten Canadians, or 90% of the population,
possess one of the major risk factors of heart attack or strokes, which include physical inactivity,
smoking, obesity, high blood cholesterol, high blood pressure, and diabetes [3]. With the projected
increase in the number of cases, there is a need for more research into novel methods that can be
used to identify and characterize CHD efficiently.

It is difficult to track the development of vascular plaque on the artery wall during the early stages
of CHD due to its asymptomatic and silent nature, and the inability to completely characterize
vascular plaque lesions in individual patients is a key limitation currently faced by medical
professionals [4]. Cardiovascular diseases are the clinical consequences of arteriosclerosis [5],
which is a chronic lesion that affects segments of arteries. Arteriosclerosis is generally caused by
a combination of hypertrophic (enlargement of cells) and fibrous changes in the entire thickness
of the inner arterial wall [6].

Arteries are the blood vessels that carry blood from the heart to all parts of the body, and their
thick wall structure is critical in managing the high pressure of ventricular heart contractions.
Arteries are composed of 3 different tunica (layers): the endothelium (intima), the media, and the
adventitia [5] (Fig.1.1). The endothelium, also referred to as the "intima," is the innermost layer of
the artery, and it is composed of endothelium cells, which are responsible for lining the interior
surface of blood vessels, fluid filtration, and blood clotting [7]. The media is the middle layer of

the artery and is composed of a layer of elastic tissue and smooth muscle. The primary function of
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this layer is to control vascular tonus [8]. The outermost layer, the adventitia, is composed of
collagen and fibrous connective tissue, which cover and protect the artery structure in order to
support the artery wall and prevent it from tearing [8, 9].

Plaque formation most commonly impacts the media and adventitia by obstructing blood flow,

which can lead to angina, myocardial infarction, heart failure, sudden death, or stroke.

Adventitia

Media
Intima

Fig. 1.1. Arterial anatomy.

1.2.2 Formation of vascular plaque

Vascular plaque is comprised of fatty substances such as cholesterol (low-density lipoprotein and
very-low-density lipoprotein), cells, calcium, and fibrin [10]. The formation of vascular plaque
occurs when cholesterol deposits on the arteries harden. In response, the body’s immune system
attempts to remedy the situation by sending white blood cells to trap the cholesterol; however, this
causes the cholesterol to further turn into foamy cells that release more fat and cause more
inflammation. The muscle cells of the arteries are subsequently triggered to multiply and form a
cap over the affected area, which is problematic because the soft plaque trapped beneath the cap
is often quite dangerous. Indeed, this soft plaque is the leading cause of heart attack. When the
person’s blood pressure spikes, the soft plaque exerts pressure on the plaque's thin walls, which

consequently break open and cause a clot to form. This process causes the artery wall to thicken,
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which reduces the artery's interior diameter, thus obstructing blood flow within [10]. This process
occurs gradually, and larger plaques can completely block blood flow. When coronary arteries are
affected, the obstruction of blood that supplies the heart muscle can lead to angina or myocardial
infarction; conversely, when the carotid arteries that supply the brain are obstructed, a stroke may
occur. Similarly, obstruction of the renal arteries may result in kidney disease, while obstruction
of the peripheral arteries may lead to gangrene [10].

Unfortunately, the process of removing the cholesterol from the plaque is often difficult, as it
involves adjusting the levels of blood cholesterol [11]. Low-density lipoprotein (LDL) deposits
cholesterol into the blood vessels; however, high LDL removes deposited cholesterol from the
bloodstream. The process of changing normal concentrations of LDL is not easy and wrought with
complexities. Nonetheless, several processes exist for reducing increased LDL concentrations,
including the use of statins, lovastatin, and pravastatin, which impede the liver’s production of
cholesterol-inducing enzymes. In addition, the use of another drug, ezetimibe, has also been shown
to be effective at blocking cholesterol in the digestive tract. The process of shrinking plaques using
statins has come to be considered desirable, especially when the LDL value gets below 70 mg/dl.
There are other methods of preventing this condition as well. For instance, previous studies have
demonstrated the importance of lifestyle changes in mitigating the condition. While post-mortem
examinations provide invaluable information about the histopathologic tendencies of the
vulnerable plaques, such studies are often limited by selection bias. Additionally, previous studies
have only considered lesions at the most advanced stages. As such, these studies are considered a
snapshot that cannot provide primary information relating to the natural history of the plaque-

build-up process. This deficiency is partly due to the use of intracoronary imaging in patients [12].
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This paucity in research clearly highlights the need for the development of intracoronary imaging

methods that are able to quantify unstable and rapture-prone plaques.

1.2.3 Risk factors of vascular disease

Kakkos et al. (2007) [13] have described the causes of vascular plaque and its associated risk
factors. High blood concentration of lipoprotein B-containing lipoproteins, of which LDL is the
most dominant form, is one of the main determinants of CHD. LDL is also strongly associated
with familial hypercholesterolemia (FH) and genetic hyperlipidemias (monogenic disease).
Vascular plaque often develops under low LDL concentrations alongside a combination of other
risk factors, including diabetes, smoking, hypertension, gender, and genetic susceptibility to the
condition. The condition is normally prevented using statins and anti-hypersensitive drugs.
Lifestyle modification is another necessary approach to preventing the condition. For instance,
since smokers have an increased risk of suffering from the condition, it would be prudent for them
to quit in order to reduce their chances of developing it. Lifestyle changes indicate the
multifactorial basis of the condition.

Previous research has established that individuals with exceedingly low LDL fail to develop
clinically relevant atherosclerosis, irrespective of other risk factors [12,13]. Mendelian
randomization studies have demonstrated that LDL acts as a buffer against the pathogenesis of
vascular plaque [14], which underscores its central higher order as a causal factor for the common,
multifactorial form of the condition. Previous studies indicate that modifiable risk factors explain
more than 90% of the causes of MI across the world [15]. Cardiovascular disease (CVD) is the
main cause of mortality and disability in various countries across the world and initially manifests
in the form of fatal or leaves irreversible sequelae [16]. While CVD must be stratified according

to the patient’s risk level, experts are exempted from using primary prevention risk equations when
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assessing patients with genetic hypercholesterolemia (GH), as prior research has demonstrated
that the use of such equations underestimates this group’s risk level [17]. Indeed, GH patients are
at high-risk for CVD due to their abnormal levels of atherogenic lipoproteins, which they normally
possess from birth.
Apart from lifestyle changes, there are recommendations for food consumption. For instance, one
study indicated that eating a Mediterranean diet—which is rich in olive oil, fruits, vegetables, fish,
low-processed foods, and moderate wine consumption—reduces the chances of cholesterol
development by approximately 30% [18]. Additionally, the role of a sedentary lifestyle in the
pathophysiology of cardiovascular diseases has been well-established. Aerobic exercise has been
shown to increase HDL levels, lower blood pressure, burn body fat, and lower blood sugar levels.
Individuals with risk factors for CVD should consider engaging in moderate-intensity exercise for
150 minutes per week, as exercise regimens oriented towards weight loss have been shown to
further lower LDL levels in the blood [19]. Smoking cessation is another notable step that one can
take to reduce one’s risk of developing CVD. Research indicates that quitting smoking can lower
one’s risk of developing CVD by approximately 20%, in addition to raising their HDL levels. In
summary, the most common risk factors that contribute to the development of CVD are as follows:

e Hypertension

o Dyslipidemia (Referred to as High blood cholesterol)

o Cigarette Smoking

o Diabetes Mellitus

e Physical Inactivity

o Stressful Lifestyle
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1.2.4 Types of vascular plaque

Type | (Adaptive Initial Thickening): This is the earliest vascular change that can be described
microscopically and is found in at least 30% of neonates at birth. The intima of human arteries
contains resident smooth muscle cells [20].

Type Il (Fatty Streaks): This lesion starts when extracellular lipids are caused by risk factors such
as high cholesterol, smoking, hypertension, obesity, insulin resistance, and the accumulation of
adhesion molecules in the intima as a result of endothelium dysfunction. The inflammatory process
begins with the adherence of leukocytes (immune system cells), especially monocytes (a larger
version of leukocytes), in the intima. When the lipid accumulation is not significant enough, the
leukocytes begin to accumulate lipids and transform them into foam cells. Fatty Streaks do not
cause symptoms, can evolve into more complex lesions, or even disappear.

Type 111 (Pathologic Intimal Thickening): When the lipid accumulation (fatty streaks) does not
disappear, it grows up into intermediate lesions due to the attraction of numerous leukocytes
(monocytes). Known as an intermediate lesion, this lesion type is characterized by lipid pools near
the medial wall in areas that generally lack smooth muscle cells (due to the apoptosis of foam cells
produced by the down-regulated degeneration of the fatty streaks by the leukocytes).

The luminal surfaces, however, are most abundant in smooth muscle cells and are often
accompanied by infiltrating foam cells. Another characteristic of these lesions is
microcalcification.

Type IV Fibroatheromas (vulnerable plaques) are the first of the advanced lesions and are
characterized by an acellular necrotic lipid core that attracts more macrophages from the

bloodstream. The core is embedded in the depth of the plaque, surrounded by fibrous tissue.
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Type V (Plague Stability): This lesion is characterized by the migration of smooth muscle cells to
the affected lesion. This results in the overgrowth of the foam cells, which leads to the formation
of a layer of collagen called the fibrous cap. The fibrous cap (considered as stable plague) plays a
critical role in harboring the contents of the necrotic core, and its integrity is one of the defining
influences on plaque stability.

Type VI (Thrombosis): This is the last lesion prior to atherosclerosis. In this stage, the artery wall
thickens, resulting in reduced artery diameter and obstructed blood flow [20]. The endothelial cells
(due to the degeneration of this layer) covering the fibrous cap become extremely thin, fragile, and
susceptible to erosion. As a result, the endothelial layer becomes injured, and the released material
exposed to the flowing blood initiates the sudden formation of a blood clot, also known as
thrombosis, which blocks the lumen of the artery. Plaque rupture is the primary process responsible

for myocardial infarction and stroke.

1.3 Imaging techniques

Vascular plaque formation is a chronic disease that progresses slowly and presents significant
symptoms. Although it cannot be tracked during the early stages, it can be monitored via diagnostic
imaging processes prior to clinical manifestations of CVD. New imaging modalities continue to
emerge because of new developments, device improvements, and the application of new energy
sources. A sample population from the Asymptomatic Polyvascular Abnormalities Community
(APAC) study was examined via sonography with high-resolution beta-mode ultrasounds in order
to investigate the epidemiology and presence of asymptomatic intracranial atherosclerosis stasis,
carotid atherosclerosis, and peripheral artery disease [21]. The study examined the bilateral carotid,
including the common carotid artery, carotid bifurcation, and the internal carotid artery (ICA).
However, the researchers reported issues with the use of sonography, which emphasizes the need
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for effective strategies for the detection and prevention of atherosclerosis and IS. The research
findings further found that individuals with higher cardiovascular health (CVH) scores were at
lower risk of developing carotid plague.

Treating CVD typically involves targeting small and unstable plaques. For a 30% blockage, the
goal is usually to reduce it to 15% by sucking the cholesterol from the inside of the artery. The
common understanding of the pathology of unstable and vulnerable atherosclerotic plaques is
mainly based on a limited number of studies [22], which have usually consisted of post-mortem
examinations of the human coronary arteries. Other studies have used resected surgical specimens
from patients who underwent carotid endarterectomy for either primary or secondary prevention
of transient ischemic attack or stroke [22].

The most common imaging modalities used in vascular plaque imaging are:

Angiography: First performed in humans in 1958, this traditional method is used to visualize
arteries, veins, and heart chambers [23]. Angiography is an invasive technique that provides in-
vivo high-resolution images. In this imaging method, a contrast agent is applied to the area to
enhance the medium, which is imaged using an X-ray-based technique (fluoroscopy) [23].
Angiography provides detailed anatomic imaging but is unable to provide a functional assessment.
Intravascular Ultrasound (IVUS): This technique provides extremely high-resolution cross-
sectional images with direct arterial vascular wall imaging through high-frequency ultrasound.
This kind of ultrasound is typically performed at 20-40 MHz, which allows resolutions of
approximately 15-20 um [23]. Compared with conventional angiography, 1VUS imaging enables
the tomographic assessment of the lumen area, as well as plaque size, distribution, and
composition. However, this modality still relies on visual inspection, which can be problematic,

as different tissue components may appear remarkably similar [24].
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Computed Tomography (CT): This imaging procedure uses special x-ray equipment to create a
series of scans of areas inside the body. A fast-gated helical CT (i.e., multidetector CT) can
precisely detect the quantity of calcium in vascular plaque lesions.

Magnetic Resonance Imaging (MRI): MRI is a non-invasive medical imaging technique that
employs magnetic radio waves to take anatomical images, and it is also capable of distinguishing
soft-tissue contrast. The advantage of MRI is that it can detect plaque formation in its early stages,
but it is unable to provide any information on the actual risk of plaque rupture [24].

Near-Infrared Spectroscopy: This technique is based on the principle that organic molecules
absorb and scatter light to different degrees at various wavelengths (800-2500 nm). This approach
works by sending light into a sample and then measuring the proportion that is returned. This
method enables researchers to obtain the chemical characterization of coronary artery plaques
(chemo grams, which display the probability of lipid core plaque). Although this technique has
been demonstrated to be feasible, accurate, and safe for application in humans, it requires further
extensive study before it can be applied in clinical practice [23].

Intravascular Optical Coherence Tomography (IVOCT): IVOCT is a minimally invasive light-
based imaging modality based on low-coherence interferometry and developed explicitly for the
identification of vascular plaque [25- 27]. IVOCT generates cross-sectional 2-dimensional images
from emitted and reflected near-infrared light. It offers a superior resolution to that of 'VUS (about
4-20 pm) but limited tissue penetration of 2-3 mm, which enables improved plaque
characterization and a histology-grade definition of the coronary plague microstructure. OCT can

accurately detect thin fibrous caps, lipid pools, and macrophage infiltration.
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Additionally, OCT uses a caterer to reach the medium that is to be imaged; however, since light
emission is highly attenuated by blood, it should be displaced during OCT imaging by applying
contrast flushes or an angioplasty balloon [23].

OCT has been employed in numerous applications, and it has the potential to be used in many
medical imaging fields and applications. The two most promising areas of OCT application are
heart disease and cancer detection. Furthermore, the use of OCT imaging can improve current
cardiovascular therapies, such as stenting and balloon angioplasty, as it is able to provide vascular
images in real-time.

OCT can differentiate between stable and unstable plaques by visually identifying the plaques in
the bloodstream. These types of plaque are responsible for up to 70% of all heart attacks. The
OCT’s optical fiber probe is easily adaptable to coronary catheters [28], which allows it to be
inserted into arteries to acquire arterial pathology images. The first investigation of IVOCT
demonstrated its ability to perform microscopic tomographic imaging of the internal
microstructure of vascular plaques in vitro [29]. In addition, further developments in IVOCT
technology have enabled intracoronary imaging in human patients [30-33]. IVOCT can
differentiate the three layers of an artery wall. It depicts the intima (innermost layer) as a signal-
rich layer, the media (middle layer) as a weak signal layer, and the adventitia as a signal-rich layer.
Moreover, OCT is also able to identify three types of vascular plaques: lipid-rich, fibrous, and
fibrocalcific.

Yabushita et al. (2002) developed the first steps to differentiating different vascular plaque
components using IVOCT imaging, thereby validating and testing its accuracy. To perform this
validation and accuracy test, they used 357 specimens and histology images to perform different

vascular plaque characterizations.
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Their validation results showed that sensitivity and specificity ranged from 71% to 79% and 97%
to 98% for fibrous plaques, 90% to 94% and 90% to 92% for lipid-rich plaques, and 95% to 96%
and 97% for fibrocalcific plaques, thus demonstrating IVOCT’s potential for differentiating lipid-
rich plagues from other plaque types [28]. IVOCT is also capable of identifying additional plaque
components that may be associated with coronary events. Some of these features [33] and calcic
nodules are associated with plague thrombosis in some cases [23, 24]. Studies have also shown
that, compared to histopathology, IVOCT can diagnose calcific nodules with 96% sensitivity and
97% specificity [33]. Cholesterol crystals are another notable feature that can be imaged via
IVOCT. Studies have shown that the presence of cholesterol crystals increases the stiffness of the
lipid pool stiffness and may, therefore, decrease the likelihood of plaque rupture [34]. Cholesterol
crystals appear in OCT images as oriented, linear, and highly reflecting structures within the
plaques [35]. Multinucleated macrophages are an inflammatory response to a foreign body, such
as cholesterol crystals, within the plaque. These cells can also be identified by IVOCT, appearing
as large, highly reflecting regions [33]. The features of IVOCT that make it attractive and superior
for intravascular imaging are its high resolution, the small size of its fiber-based imaging probes,
and the availability of advanced image-processing techniques to extract and assess diagnostic
information [36-45]. IVUS is capable of higher resolution compared to IVOCT, which enables it
to provide more detailed visualizations of the anatomical features of the arterial wall and plaque.
Furthermore, IVOCT’s ability to detect calcified plaque morphologies has also been shown to be
equal to that of IVUS. Additionally, other studies have demonstrated the clinical application
of IVOCT and its superiority to IVUS in detecting characteristics of vascular plague
[46]. Although I\VUS is not capable of identifying microstructural features of vascular plaque, it

can identify non-plaque vessels and arterial disruptions. A study was conducted to compare
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IVOCT-IVUS image pairs obtained from different patients [47]; in all cases, it was found that the
IVOCT observations were more consistent than the I'VUS observations. These findings establish
IVOCT as a promising imaging modalit