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Editorial on the Research Topic
 Advances in Intravascular Imaging



Intravascular imaging was introduced 30 years ago to assess coronary artery morphology and facilitate percutaneous coronary intervention (PCI). Today, invasive imaging has an established role in clinical practice and research (1). Cumulative data over the recent years have underscored the value of intravascular ultrasound (IVUS) and optical coherence tomography (OCT) in optimizing PCI results, while prospective studies of coronary atherosclerosis have provided convincing evidence that both modalities are capable to detect lesions that are likely to progress and cause events. These reports however, also revealed limitations of these techniques in guiding PCI and in identifying vulnerable plaques (2). To overcome these drawbacks efforts have been made to design advanced intravascular imaging systems that can provide a more detailed and complete evaluation of plaque pathology and biology, either by combining two intravascular imaging probes or by enabling acquisition of additional information by a single imaging probe (3). This special issue of Frontiers in Cardiovascular Medicine provides an overview of the developments in the field and summarizes the evidence supporting the use of novel intravascular imaging catheters in clinical practice and research.

Near-infrared spectroscopy (NIRS)-IVUS imaging is the first hybrid intravascular imaging modality that had clinical applications. The catheter incorporates a NIRS and IVUS integrated probe that acquire simultaneous imaging data which are co-registered to generate hybrid NIRS-IVUS images. The review article of Kuku et al. published in this issue describes the evolution in catheter design and presents the evidence supporting the value of this modality in guiding PCI and detecting vulnerable plaques. Muller—the inventor of NIRS imaging—and Madder, also highlight, in their review, the potential of hybrid NIRS-based imaging in optimizing PCI results and identifying high-risk lesions and patients who would benefit from aggressive treatments targeting atherosclerosis, and introduce a combined NIRS-OCT system that is expected to have clinical applications in the near future (Muller and Madder). Another hybrid intravascular imaging modality that appears superior to standalone IVUS or OCT imaging in assessing plaque phenotype is the combined IVUS-OCT imaging, which has also reached clinical translation. Several prototypes have been presented over the last years and one of them the Novasight HybridTM System (Conavi Medical Inc, Toronto, Canada) had recently first-in-man studies (4). Ono et al. in their review discuss the challenges of combined IVUS-OCT imaging, present the evidence supporting its use in PCI and summarize the findings of histology studies which indicate that hybrid IVUS-OCT imaging is superior to standalone IVUS and OCT in assessing plaque features associated with increased vulnerability (4).

The above developments in intravascular imaging may enable more precise evaluation of plaque composition but cannot detect vascular inflammation which is an important instigator of plaque evolution. Near-infrared fluorescence (NIRF) imaging was introduced to address this unmet need. This modality can be combined with IVUS or OCT and appears capable to identify the presence of macrophages, cathepsin protease activity, oxidized low-density lipoprotein and thrombus. NIR autofluorescence (NIRAF)-OCT intracoronary imaging has been performed in patients and may identify high-risk plaques with intraplaque hemorrhage or oxidized lipid, without the need for a contrast agent. The developments in the field are described in detail by the inventors of NIRF in a comprehensive review that also discusses the potential value of hybrid NIRF-IVUS and OCT-NIRF imaging in secondary prevention (Khraishah and Jaffer).

Another intravascular imaging modality that is capable to accurately detect the presence of macrophages in the superficial plaque and thus vascular biology is florescence lifetime imaging (FLIm). The study of Bec et al. published in this special issue of Frontiers in Cardiovascular Medicine compared the efficacy of FLIm and Raman spectroscopy in characterizing plaque composition using histology as reference standard. The authors showed that FLIm, in contrast to Raman spectroscopy, has a limited efficacy in detecting different tissue types. In this report the co-registered FLIm and Raman data allowed more precise evaluation of the efficacy of FLIm imaging in characterizing plaque composition and showed that increased lifetime values are associated with the presence of cholesterol and carotenes and not with collagen, as it was shown in previous studies.

In parallel to the design of novel hybrid imaging catheters for more detailed assessment of the atheroma, efforts have been made to optimize standalone intravascular imaging catheters. Toward this direction polarization sensitive (PS)-OCT imaging was introduced. This approach relies on the analysis of the polarization properties of the reflected OCT signal (Otsuka et al.). The inventors of this approach present a thorough review which describes the basic principles of PS-OCT and highlights its value in characterizing atheroma. Summarizing their research in the field the authors suggest that PS-OCT is capable to assess collagen and smooth muscle cell content in fibrous caps, and improve the efficacy of OCT in identifying necrotic cores, macrophage accumulations and cholesterol crystals—plaque features that are seen in high-risk lesions. Finally, PS-OCT offers a unique potential to automatically quantify tissue types allowing fast processing of large imaging data.

Despite the high resolution of OCT there are plaque micro-features that cannot be visualized by this imaging technique. To address this limitation micro-(μ)OCT has been developed that allows plaque imaging with a resolution of 1–2 μm. Nishimiya and Tearney in a comprehensive review present the technical developments in the field, and highlight the potential of this approach in assessing plaque vulnerability and PCI results. Another emerging imaging modality is optically generated ultrasound imaging (OpUS). This approach offers increase signal penetration (>20 mm) and is capable to acquire images with a resolution of >50 μm. Preliminary data has shown that it is able to characterize plaque composition. OpUS is still in its infancy and its full potential has not been evaluated yet; moreover further developments are needed before this modality has applications in interventional cardiology (Little et al.).

From the above it is apparent that the field of intravascular imaging is rapidly evolving and that soon the interventional cardiologists will have numerous options for assessing plaque morphology and guiding percutaneous revascularisation. Which modality is likely to dominate in the clinical arena is difficult to predict, as this will depend not only on its imaging capabilities but also on the time needed to interrogate a vessel, on how easy will be image interpretation and on how fast will be data post-processing. What is obvious however, is that the emerging imaging techniques are likely to fulfill our expectations allowing not only better treatment planning but also complete visualization of vessel pathology, biology and physiology—after coronary reconstruction and blood flow simulation with easy to use software (Kilic et al.)—and thus more precise identification of vulnerable lesions and high-risks patients that will benefit from emerging therapies targeting atherosclerosis (5).

In addition, the above advances in intravascular imaging is also likely to enable more precise evaluation of new developments in non-invasive imaging and in particular in computed tomography coronary angiography (CTCA) and positron emission tomography (PET)-CT/CTCA. In contrast to intravascular imaging that is associated with a risk of complications and do not allow complete assessment of the coronary artery tree, non-invasive imaging appears as the ideal approach for stratifying cardiovascular risk as it can be used in asymptomatic individuals, requires a lower dose of radiation and enables complete study of all the major coronary arteries (5). Yet CTCA and PET-CT/CTCA image analysis is time consuming, the positive predictive value of CTCA in detecting vulnerable plaques is low while the additive value of PET-CT/CTCA to stratify cardiovascular risk over CTCA has not been well-studied (6). Therefore, further research is needed, and developments are required to enhance image resolution expedite data analysis and identify new imaging-markers that will allow more precise identification of lesions at risk and enable the broad use of non-invasive imaging in the clinical arena to detect vulnerable patients that will benefit from emerging therapies targeting atherosclerosis.
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Understanding the mechanisms that regulate atherosclerotic plaque formation and evolution is a crucial step for developing treatment strategies that will prevent plaque progression and reduce cardiovascular events. Advances in signal processing and the miniaturization of medical devices have enabled the design of multimodality intravascular imaging catheters that allow complete and detailed assessment of plaque morphology and biology. However, a significant limitation of these novel imaging catheters is that they provide two-dimensional (2D) visualization of the lumen and vessel wall and thus they cannot portray vessel geometry and 3D lesion architecture. To address this limitation computer-based methodologies and user-friendly software have been developed. These are able to off-line process and fuse intravascular imaging data with X-ray or computed tomography coronary angiography (CTCA) to reconstruct coronary artery anatomy. The aim of this review article is to summarize the evolution in the field of coronary artery modeling; we thus present the first methodologies that were developed to model vessel geometry, highlight the modifications introduced in revised methods to overcome the limitations of the first approaches and discuss the challenges that need to be addressed, so these techniques can have broad application in clinical practice and research.

Keywords: hybrid intravascular imaging, data fusion methodologies, 3D reconstruction, coronary artery modeling, coronary angiography


INTRODUCTION

Invasive coronary angiography is the reference standard for assessing the extent and severity of coronary artery disease (CAD) which is a leading cause of death in the developed and developing world (1). This modality however provides only a two dimensional (2D) representation of lumen anatomy and thus it has limitations in quantifying luminal stenosis especially in the cases of foreshortening and vessel overlapping (2). Moreover, coronary angiography cannot assess 3D vessel geometry and accurately quantify lesion length. To address these limitations computerized based methodologies have been developed that allow 3D reconstruction of the coronary artery anatomy from two or multiple angiographic views (2–4); These approaches enable assessment of vessel geometry and accurate estimation of lesion length and stenosis severity (2, 3). But on the other hand they do not allow visualization of plaque characteristics which determine plaque evolution and vulnerability (5–7).

Over the last few decades intravascular imaging catheters have been designed which can be advanced into the coronary arteries to obtain high-resolution cross-sectional images of the vessels. This enables comprehensive visualization of the lumen and plaque pathology. Intravascular ultrasound (IVUS) and optical coherence tomography (OCT) were the first invasive imaging techniques that were used to study plaque pathobiology and provided unique insights about the mechanisms that regulate plaque evolution. Validation studies using histology as the gold standard have demonstrated the advantages but also the limitations of IVUS and OCT in assessing plaque characteristics and led research toward the development of novel invasive imaging modalities that were able to overcome the drawbacks of the first techniques (8–11). Near infrared spectroscopy (NIRS), photoacoustic imaging (IVPA), near infrared fluorescence imaging (NIRF), and time resolved fluorescence spectroscopy (TRFS) imaging are some of these invasive imaging techniques that were introduced to provide additional information about vessel pathology and biology. These modalities have been combined with IVUS or OCT in hybrid intravascular catheters that are currently undergoing clinical or preclinical evaluation and are expected to provide unique mechanistic insights about atherosclerotic evolution (4, 11). A limitation of these hybrid techniques is that they are unable to portray the 3D vessel geometry. To overcome this drawback several data fusion methodologies have been developed that can retrospectively process intravascular imaging and coronary angiography to generate 3D realistic models of vessel architecture (Table 1). These models allow comprehensive visualization of the distribution of the plaque and can be processed with computational fluid dynamic (CFD) techniques to estimate plaque structural stress (PSS) and endothelial shear stress (ESS), which determine atherosclerotic evolution and predict future events (12, 13). The aim of this review article is to provide a comprehensive overview of the data fusion methodologies developed for vessel modeling; we describe the approaches introduced to fuse intravascular imaging and angiographic data to model vessel geometry, present the modifications that were made to optimize vessel reconstruction and facilitate their application in research, and discuss the challenges that should be overcome so that these approaches can be broadly used in the study of atherosclerosis (Figure 1).


Table 1. The evolution of 3D reconstruction methodologies.
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FIGURE 1. Advantages and limitations of different intravascular imaging modalities and algorithms proposed in different reconstruction methodologies for the modelling of coronary artery geometry.




FIRST ATTEMPTS FOR CORONARY ARTERY RECONSTRUCTION

Roelandt et al. were the first that attempted to reconstruct coronary artery anatomy from IVUS imaging data (14). They assumed that the catheter pull-back trajectory was a straight line and then stacked the IVUS frames perpendicularly onto the catheter trajectory to create a 3D model of the vessel wall that had a cylindrical shape. The final model enabled evaluation of the plaque volume and facilitated the development of methodologies that would allow segmentation of the lumen and outer vessel wall borders (15). A limitation of this approach is that the IVUS model included frames acquired during the entire cardiac cycle; however the vessel is moving during the cardiac cycle and as a consequence the relative lateral and longitudinal position of the IVUS probe with regards to the lumen changes (16). These changes result in the so called “saw tooth” artifact in the 3D model that is more prominent in normal vessels with increased diameter and preserved compliance. To address this pitfall electrocardiographic (ECG)-gated pull-back systems and methodologies for a retrospective gating of the ECG data were proposed; these approaches enabled selection of frames acquired at a specific period of the cardiac cycle (i.e., at the end-diastole) which were then used to reconstruct the vessel geometry (17, 18).

A similar approach was also introduced to reconstruct coronary artery anatomy from OCT data (19). The obtained models allowed evaluation of the distribution of the plaque, of stent apposition, accurate detection of stent fracture and visualization of the orifice of the side branches (20). Today commercially available software have been developed for this purpose and have been incorporated in the OCT systems enabling real time representation of vessel morphology, evaluation of the procedural results and optimal treatment planning.

Despite the undoubted role of these reconstruction methodologies in the clinical arena, they have significant limitations as they are unable to portray coronary artery geometry, evaluate the distribution of the plaque onto the vessel and accurately quantify plaque volume especially in the case of increased curvature where neglecting vessel curvature can lead to an underestimation of the plaque volume by 5% (21).



FUSION OF CORONARY ANGIOGRAPHY AND INTRAVASCULAR ULTRASOUND

In 1992 Klein et al. for the first time suggested fusion of IVUS and X-ray angiography for a more reliable assessment of vessel architecture (22). The proposed methodology included the segmentation of the IVUS images, the extraction of the luminal centerline from two angiographic projections and the placement of the detected contours onto the luminal centerline. A limitation of the proposed methodology is that it was unable to correctly orientate the IVUS borders onto the luminal centerline. Lengyel et al. (23) in 1995 overcame this limitation by using anatomical landmarks (i.e., side branches) that were visible in both IVUS and angiographic images to estimate the rotational orientation of the IVUS frames. This methodology was easy to use and appeared able to provide geometrically correct reconstruction; however it did not have applications in the clinical arena because it was not validated in detail (23).

A year later Shekhar et al. proposed an alternative approach for coronary reconstruction; the authors used an ECG-gated pull-back device for IVUS pull-back and acquired numerous biplane angiographic images during the pull-back so as to identify in X-ray images the position of the IVUS-catheter tip at each end-diastolic frame (24). They then extracted the IVUS catheter path from the biplane angiographic images and placed each frame onto the path in the corresponding position; each frame was then rotated at an angle so as its projections onto the angiographic images to best match with the luminal silhouette in these projections. In vivo validation of the developed methodology using X-ray angiography as the gold standard demonstrated that it provides accurate coronary modeling; however the time consuming protocol and increased radiation required for coronary reconstruction did not allow this method to have applications in the clinical arena (25).

Conversely the methodology of Laban et al. presented in 1995 required only two biplane angiographic projections for coronary artery reconstruction enabling its broad application in the study of atherosclerosis (26). The first biplane projection should portray a calibration object, the IVUS catheter and the lumen silhouette—obtained during diluted contrast agent injection—before the beginning of the IVUS pull-back while the second the calibration object the IVUS catheter and the lumen silhouette at the end of the pull-back. These projections were used to extract the IVUS catheter path where it was assumed that it corresponded to the IVUS trajectory during the pull-back. The end-diastolic frames acquired during IVUS imaging were identified and segmented and the detected contours were placed perpendicularly onto the catheter path. The Frenet-Serret formula was then used to estimate the relative axial twist of the IVUS frames. Their absolute orientation was estimated by comparing the projections of these frames and the projection of the reconstructed path onto the angiographic images with the lumen and path silhouette in these X-ray images. Similar approaches for coronary artery reconstruction were proposed by Wahle et al., Gianoglou et al. and Bourantas et al. who proposed a more robust methodology for the catheter path extraction from coronary angiography (27–29). The above approaches were extensively validated in phantom models, in vivo and ex vivo and were broadly used in the research arena to study plaque strain distribution and the implications of the local hemodynamic forces on plaque formation destabilization and rupture in native and stented segments (Figures 2, 3) (27–29, 31–35).


[image: Figure 2]
FIGURE 2. One of the first applications of in vivo 3D-reconstruction modeling that examined the role of ESS on neointima formation. (A) shows an angiographic projection of the left anterior descending coronary artery treated with bare metal stents; the arrow indicates a step-up at the proximal segment of the stent. (B) shows the coronary artery model post stent implantation reconstructed from the fusion of X-ray angiography and IVUS; the outer vessel wall surface is shown in a semi-transparent fashion. The arrow indicates the step-up location noted in the angiographic images; (C) shows a magnified view of that segment while (D) portrays the blood flow streamlines estimated after blood flow simulation; a recirculation zone is noted at the step-up site. At that location low ESS are noted (E) that co-localize with increased neointima proliferation noted in the vessel model at 4 months follow-up (F). A significant inverse association was reported between ESS and neointima thickness at follow-up (G). The figure was obtained with permission from Thury et al. (30).
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FIGURE 3. Reconstruction of a right coronary artery from IVUS and angiographic data with the lumen surface portrayed in a red color and the outer vessel wall in a semi-transparent fashion (A). In (B) the plaque distribution is displayed in a color-coded map (the red-brown color corresponds to low plaque thickness and yellow to increased plaque). (C) shows the distribution of the plaque in a stenotic segment in 2D. The symbols U, L, D, and T denote the upstream the lateral, the downstream shoulder and the throat of the plaque, respectively. (D) illustrates in 2D the plaque strain distribution and (E) the ESS distribution. It is obvious that there is a good correlation between vessel wall strain and ESS implying an interaction between these two variables. Image obtained with permission and modified from Gijsen et al. (31).


However, a limitation of the above methodologies is the fact they require the implementation of a specific protocol in the catheterization laboratory that includes X-ray imaging of calibration objects and acquisition of biplane angiographic images that would allow visualization of the IVUS catheter and the lumen silhouette at the beginning and the end of the pull-back. To enhance the application of coronary modeling in research, Bourantas et al. proposed an updated reconstruction methodology that includes the extraction of the luminal centerline of the studied vessel from two angiographic projections—as suggested by Leyngyel et al. (23); the identification and segmentation of the end-diastolic IVUS images, the placement of the IVUS borders perpendicularly onto the vessel centerline, the estimation of their relative twist using the sequential triangulation algorithm and then the use of anatomical landmarks seen in both IVUS and X-ray imaging to define the orientation of the 1st IVUS frame (36). Validation of this approach using the conventional “catheter-path” reconstruction methodology (29) in 22 patients (27 vessels) demonstrated that this new approach allows reliable representation of vessel geometry, quantification of the luminal dimensions and atheroma burden and accurate estimation of the ESS distribution (36). This approach enabled for the first time coronary artery reconstruction using data acquired during conventional IVUS imaging and today it has been extensively used to process imaging data obtained in large intravascular imaging studies of coronary atherosclerosis such as the PROSPECT and IBIS 4 studies and examine the implications of the local hemodynamic forces on plaque progression and destabilization in native vessels and on neointima healing and composition in drug eluting and bare metal stents (37–39).

The “centerline” methodology presented by Bourantas et al. may have broadened the application of computational modeling in the study of atherosclerosis but it also has a major limitation as it does not incorporate side branches in the final model which appear to alter flow patterns and affect ESS estimations (40). To overcome this problem Samady et al. proposed inclusion of side branch geometry in the final model (41). Side branch reconstruction in this methodology is performed by taking into account its orifice in IVUS images and the side branch geometry extracted from the angiographic images. This approach has been used to examine the effect of the ESS and oscillatory ESS on plaque composition and morphology but is yet to be validated in detail (41, 42).



FUSION OF CORONARY ANGIOGRAPHY AND OPTICAL COHERENCE TOMOGRAPHY IMAGING

The fusion of IVUS and X-ray imaging may have provided unique opportunities for assessing vessel geometry, quantifying plaque burden and examining the effect of the local hemodynamic forces on plaque progression. However, it has failed to accurately assess the interplay between ESS and plaque micro-characteristics associated with increased vulnerability and the estimation of flow patterns following stent/scaffold implantation. To overcome these limitations and examine the implications of local hemodynamic forces on plaque destabilization and rupture, fusion of OCT and coronary angiography has been proposed. Bourantas et al. were the first that used OCT-based reconstruction to assess ESS distribution in a ruptured plaque (43). The culprit vessel was imaged using a M3 OCT system (LightLab Imaging Inc., Westford, MA, USA) that was pulled-back at a constant speed of 3 mm/s. From these images the end-diastolic frames were selected, using a view mixer that allowed simultaneous visualization of the ECG and OCT sequence, and these frames were then co-registered with the angiographic data using an established methodology that was proposed for the fusion of X-ray angiography and IVUS (29). Blood flow simulation was performed in the obtained model and the ESS was estimated. High ESS was noted in the region of the ruptured plaque; these findings are in line with the results reported in IVUS-based reconstructions and highlight the potential implications of flow patterns on plaque destabilization and rupture (44, 45).

The first methodology for geometrically correct reconstruction of the coronary artery anatomy from frequency domain (FD)-OCT and X-ray angiography was proposed by Athanasiou et al. (46) and validated by Papafaklis et al. (47). FD-OCT-based reconstruction poses a challenge, as in contrast to the IVUS-based modeling where only end-diastolic frames are used, in FD-OCT modeling all the frames have to be included. This is because the high pull-back speed (18–40 mm/s) in FD-OCT results in a very small number of end-diastolic images. Placement of non-end-diastolic frames onto the catheter path—as previous approaches suggested (27–29, 32)—would result in motion artifacts and a rugged luminal surface because of the relative lateral movement of the OCT catheter in the lumen during the cardiac cycle. In order to address this challenge Athanasiou et al. (46) proposed the use of the lumen centerline, extracted from two end-diastolic angiographic projections, for the placement of the OCT contours. Then the authors used the sequential triangulation algorithm and the origin of side branches to estimate the absolute orientation of the OCT frames. A similar approach for OCT-based reconstruction has been proposed by Toutouzas et al. (48). In vivo validation of the “centerline” methodology using IVUS-based reconstruction as the gold standard showed that OCT-based modeling is effective in assessing vessel geometry and estimating ESS distribution (47). Over the last years this methodology has been extensively used to examine the association between local hemodynamic forces and plaque micro-characteristics (49, 50), assess the implications of flow patterns on neointima and neo-atherosclerotic lesion formation and rupture (51, 52), and evaluate the effect of different stent/scaffold designs on the local hemodynamic environment (53–55).

The above OCT-based reconstruction methodology may have significant applications in the research arena but it also has two significant limitations: (1) it is not able to correct the geometrical error caused by the longitudinal movement of the OCT catheter within the vessel during the cardiac cycle (16, 56) and (2) the obtained 3D models do not incorporate vessel's side branches. To address these drawbacks Li et al. proposed a modified approach for coronary artery reconstruction (57). This method suggested the use of 3D QCA to reconstruct the segment that was assessed by OCT and its side branches and then fuse the OCT images with the 3D QCA model. The orifices of the side branches were identified in the OCT images and this information was used to identify the longitudinal position of the OCT frames onto the 3D QCA model and estimate their absolute orientation. For the frames located between the side branches an interpolation technique was used to estimate their location and absolute orientation. A CFD analysis of the reconstructed models showed that the incorporation of the side branches had a significant effect on the ESS distribution with the average ESS being 4.64 Pa lower in models that included the side branches comparing to those that did not contain the side branches (P < 0.0001). Although this approach appears superior to others, previously reported in the literature, it does have limitations as it makes two assumptions; more specifically: (1) it implements an interpolation technique to place on the lumen centreline the OCT frames between those portraying side branches; this assumption cannot correct the error caused by the longitudinal motion of the OCT catheter that is increased at the beginning of the systole, and (2) it uses the origin of the side branches, which cannot be always accurately assessed in two angiographic projections, to estimate the rotational orientation of the OCT contours.

Moreover, this approach has not been thoroughly validated and therefore it is unclear what is the effect of the above limitations on vessel reconstruction and ESS computation.



FUSION OF COMPUTED TOMOGRAPHY CORONARY ANGIOGRAPHY AND INTRAVASCULAR IMAGING

The methodologies developed to reconstruct the coronary artery anatomy from X-ray angiography and intravascular imaging data rely on the extraction of the lumen centerline or the catheter path from two angiographic projections. The angle difference between the two projections as well as the presence of vessel foreshortening in these projections can affect the efficacy of these approaches in assessing vessel geometry. Moreover, as it was stated above, the origin of the side branches is likely to not be well visible in the projections used for coronary artery reconstruction and this can affect the accurate estimation of the absolute orientation of the intravascular images on the 3D model. These limitations can be overcome by the use of CTCA which provide 3D images of the coronary artery tree.

In 2010 van der Giessen et al. were the first to propose the fusion of CTCA and IVUS imaging to reconstruct the coronary arteries (58). This approach includes the following steps: (1) extraction of the lumen centerline from CTCA, (2) creation of CTCA cross sectional images that are perpendicular to the side branches, (3) identification of matched frames between end-diastolic IVUS and CTCA images, (4) placement of the IVUS frames showing side branches perpendicularly onto the lumen centerline in the corresponding locations in CTCA, (5) estimation of their absolute orientation using these branches, and (6) placement of the end-diastolic IVUS frames located between the frames with identifiable landmarks onto the vessel centerline using linear interpolation and estimation of their rotational orientation using spherical interpolation (Figure 2). This approach has significant advantages as it allows: (1) full representation of the coronary artery anatomy and geometry including side branches, (2) accurate extraction of vessel architecture from the 3D CTCA imaging data, and (3) reliable orientation of the intravascular images.

This approach has been used to evaluate the role of ESS on vessel wall healing following bioresorbable scaffold implantation and investigate the role of multidirectional ESS on the development of advanced atherosclerotic plaques in pig models (59, 60). The accurate co-registration of intravascular imaging and CTCA also offers the potentiality for a direct comparison of these two techniques and thus detailed evaluation of the ability of non-invasive imaging in assessing the lumen and outer vessel wall dimensions and characterizing plaque morphology (58, 61–63). A major limitation of this approach is that coronary reconstruction requires CTCA, coronary angiography and intravascular imaging data. Moreover, similar to the other reconstruction approaches this methodology is laborious and time consuming as human interaction is needed in most of the reconstruction steps and it has not been validated yet.



SOFTWARE DEVELOPED FOR CORONARY ARTERY MODELING

To enhance the research applicability of the 3D reconstruction methodologies mentioned above, user—friendly systems have been developed that operate in a user-friendly environment and expedite coronary reconstruction (Figure 3). The first software was developed by Wahle et al. and incorporated the algorithms of the methodology developed by Wahle et al. in 1999 (27). To visualize the final models the authors used the standardized Virtual Reality Modeling Language (VRML) and designed a module where the operator could assess the luminal and the media—adventitia surface and estimate the plaque burden distribution since the plaque thickness was color coded displayed (64). Moreover, this system allowed evaluation of vessel curvature that was also portrayed using a color coded map and incorporated a 3D graphical user interface that enabled virtual endoscopy of the reconstructed vessel. In addition, the software included a module for blood flow simulation and computation of the ESS. Despite these unique advantages this system had limited application in research as it required the implementation of prospective protocol for data acquisition and increased time for coronary artery reconstruction.

ANGIOCARE (Figure 5) was the 2nd system developed for the fusion of intravascular imaging and coronary angiography (Figures 3A–D) (65). This software incorporated the methodology for arterial reconstruction proposed by Bourantas et al. (29) and a module for the segmentation of the IVUS images (66). In addition, ANGIOCARE included a 3D photorealistic visualization platform that allowed comprehensive representation of the reconstructed model, visual inspection of vessel morphology and evaluation of the distribution of the plaque (depicted in a color—coded map). In addition, the developed module allowed the operator to interact with the model select a segment and obtain quantitative information (i.e., lesion length, plaque volume, minimum luminal area, the reference luminal area, etc.) that could be used for PCI planning. A limitation of ANGIOCARE is the fact that it did not allow blood flow simulation and estimation of the ESS distribution.

IVUSAngio tool is the only freely available software for the fusion of IVUS and angiographic imaging data (67). The software incorporated the methodology of Giannoglou et al. (67) and included modules designed for the segmentation of IVUS, the extraction of the catheter path and the fusion of the imaging data and included a visualization platform where the operator could interact with the reconstructed vessel, review and examine model architecture and plaque distribution, identify the location of each frame onto the model and inspect the 3D model from inside using a fly through camera.

University of Leiden and Medis Medical Imaging Systems BV have recently developed a novel software for coronary reconstruction (Figures 3E–H). The software requires as an input the 3D QCA model—including vessel's side branches—of the segment assessed by IVUS/OCT that was reconstructed by the QAngio XA 3D software (Medis Medical Imaging Systems, Leiden, The Netherlands) and the IVUS/OCT borders segmented using the QCU-CMS software (Division of Image Processing, Department of Radiology, Leiden, The Netherlands, Leiden, The Netherlands). It has incorporated the algorithms of the methodology proposed by Li et al. (57) in a user-friendly environment and allows seamless reconstruction of vessel architecture and generation of 3D models that are stored in an .stl or .iges format. The latter software is currently used to process data collected in large scale prospective intravascular imaging studies of coronary atherosclerosis and assess the role of ESS distribution in predicting atherosclerotic disease progression and lesions with a vulnerable phenotype that will cause events.



DISCUSSION

Fusion of intravascular imaging data and X-ray angiography or CTCA imaging has enabled accurate reconstruction of coronary artery geometry and the generation of 3D models that can be processed with CFD techniques to evaluate vessel flow patterns and examine the effect of the hemodynamic forces on plaque evolution. These models have been enriched our understanding about the mechanisms that regulate atherosclerotic disease progression enabling more accurate prediction of lesions that are likely to progress and cause events (35, 37, 38).

The PREDICTION study which was the first prospective clinical study that used at scale fusion of intravascular imaging and X-ray angiography to assess the ESS distribution and highlighted the prognostic value of ESS in predicting plaque progression, thereby creating hope that an invasive assessment of plaque morphology combined with CFD analysis could enable accurate detection of vulnerable plaques (35). The findings of this study led research toward the development of easy to use methodologies that will be able to generate accurate representation of vessel geometry by fusing IVUS or OCT data with X-ray imaging data acquired during a conventional coronary angiography. These approaches have been used to retrospectively analyze intravascular imaging data acquired in large scale imaging studies of coronary atherosclerosis. A CFD analysis of the data acquired in the PROSPECT study showed that lesions with a high-risk morphology that were exposed to low ESS were likely to progress and cause cardiovascular events. This study also showed that the patients who had lesions with an unfavorable plaque morphology and physiology were the most vulnerable and at a high-risk to suffer a cardiovascular event (37). Retrospective fusion of IVUS, OCT and coronary angiography has also been used to process the data acquired in the IBIS 4 study—a multicenter study that utilizes serial virtual histology(VH)-IVUS and OCT imaging to assess the implications of aggressive treatment with Rosuvastatin on plaque phenotype—and examine the predictive accuracy of ESS patterns and plaque characteristics assessed by multimodality imaging in detecting segments that were likely to exhibit disease progression at 13 months follow-up (38, 68). In this study low ESS and VH-IVUS-derived but not OCT-derived plaque characteristics were predictors of disease progression. The findings of this analysis casted doubts about the efficacy of multimodality imaging in detecting vulnerable plaques. A limitation of this study was the small number of the studied vessels and the absence of events that did not allow us to examine the potential of multimodality imaging combined with CFD-modeling in detecting plaques that will cause events. Future studies are expected to use hybrid intravascular imaging to thoroughly assess plaque morphology and pathology and fuse these data with X-ray angiography or CTCA to determine ESS distribution in order to accurately predict vulnerable plaques. Studies combining NIRS-IVUS and X-ray or CTCA imaging to examine the association of ESS and plaque composition and evaluate its role on plaque progression have been recently reported (60, 69); data acquired in the future by the combined IVUS-OCT imaging catheter or by the hybrid NIRS-OCT or the IVPA-IVUS catheter are anticipated to be merged with X-ray or CTCA images to assess more accurately the interplay between plaque phenotype and plaque physiology. Moreover, models obtained by NIRF-IVUS or NIRF-OCT imaging combined with X-ray or CTCA imaging data, are anticipated to allow assessment of the role of ESS distribution on vascular biology and plaque inflammation.

The developed user-friendly software that included established data fusion algorithms are expected to facilitate research in the field and allow more complex simulations and complete assessment of vessel physiology. Cumulative data have highlighted the role of PSS on plaque destabilization and its value in predicting vulnerable lesions (70–72). The studies however that examined the prognostic implications of PSS focused on the analysis of IVUS cross-sectional images and did not take into account 3D vessel geometry. Further advances in software design and incorporation of plaque composition in the 3D models-derived by hybrid intravascular imaging techniques or polarized OCT (73) are expected to enable accurate assessment of PSS and evaluation of the synergetic effect of ESS and PSS on vulnerable plaque formation, destabilization and rupture (74).

Recent reports have highlighted the need to refine the methodologies for the reconstruction of vessel architecture especially in stented segments (75–77). Advanced methodologies have been presented lately (Figures 4, 6) that are able to separately reconstruct stent geometry and lumen surface and then fuse these models to generate a final lumen-stent object. These approaches are anticipated to provide more realistic representation of lumen architecture in stented segments and enable reliable evaluation of ESS distribution especially in the case of strut malapposition and at the orifice of the side branches where the protruded struts cause flow disturbances. These methods will be used in the future to conduct complex CFD analyses that will take into account the non-Newtonian behavior of the blood to precisely compute shear rate and stress distribution, quantify flow disturbances and identify areas that are exposed to an unfavorable hemodynamic milieu and are at risk of restenosis and stent/scaffold thrombosis (79–81). Moreover, these reconstruction approaches are expected to have value in the evaluation of the hemodynamic implications following implantation of different stent/scaffold designs and be extensively used to optimize stent configuration and develop revisions that will create a favorable hemodynamic environment following their implantation (54, 55, 82).


[image: Figure 4]
FIGURE 4. Methodology developed for the reconstruction of the coronary artery anatomy from CTCA and intravascular imaging data. (A) The luminal centerline is extracted from the CTCA imaging data and then CTCA cross-sectional images are generated perpendicularly to the centerline. (B) The CTCA images are matched with the IVUS images using anatomical landmarks that are seen in both IVUS and CTCA; the IVUS images are placed onto the luminal centerline and then the landmarks are used to estimate their absolute orientation. An interpolation technique is used to estimate the location and orientation of the frames located between side branches. The final model is shown in (C,D). The figure was obtained with permission from Gijsen et al. (78).
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FIGURE 5. Software developed to reconstruct the coronary artery anatomy in a user-friendly environment. (A–D) portray a snapshot of the ANGIOCARE software. (A) illustrates the module developed for the pre-processing and analysis of intravascular imaging data, while (B) the module designed for the extraction of the catheter path from two angiographic projections. Finally, (C,D) show the platform designed for the visualization of the 3D model. The operator can appreciate the lumen geometry (C), assess plaque distribution portrayed in a color-coded map (blue indicates no plaque and red indicates increased plaque burden) and assess the lumen morphology from inside (D). (E–H) portray snapshots of the IVUSAngio tool. (E) shows the module for IVUS analysis, (F) the tool designed for the catheter path extraction, (G) illustrates the 3D model with the media-adventitia shown in a semi-transparent fashion, enabling evaluation of the distribution of the plaque burden and (H) portrays an endoscopic view of the lumen morphology. Finally, (I,J) illustrate snapshots of the software designed by Leiden University for the reconstruction of coronary artery anatomy. The annotated intravascular imaging data and the 3D-QCA model are imported and fused. The operator can identify in the lumen centerline the location of frames portraying side branches and use these to estimate their rotational orientation (I). The reconstructed lumen is then fused with the side branch model obtained by 3D-QCA to generate the final vessel geometry. (J) shows the reconstructed vessel; the outer vessel wall is shown in a semi-transparent fashion, which allows evaluation of the distribution of the plaque.



[image: Figure 6]
FIGURE 6. Advanced methodology proposed for the reconstruction of stented segments. In each OCT frame the lumen border is detected and the location of the stent struts is annotated (A). The OCT contours are placed perpendicularly onto the lumen centerline (B) extracted by two angiographic projections and the location of the side branches are used to estimate their absolute orientation (C). A similar approach is used to estimate the location of the struts in 3D space (D). A methodology that relies on the location of the stent struts in 3D space and on a priori knowledge of stent architecture is used to reconstruct the stent geometry that is fused with the lumen geometry to reconstruct the stented segment (E,F). This approach enables accurate reconstruction of the protruded or malapposed struts (G) and evaluation of their implications on the local hemodynamic forces (H).




CONCLUSION

Fusion of intravascular imaging and angiographic or CTCA imaging data allows generation of 3D models that accurately portray the vessel geometry and enable evaluation of plaque composition. These approaches have been extensively used to examine the implications of flow patterns on atherosclerotic disease progression and stent/scaffold thrombosis. Further advances in intravascular imaging, catheter design and the development of methodologies that will allow estimation of the distribution of different plaque components on the 3D plaque, and accurate reconstruction of stent architecture are expected to provide a complete and detailed evaluation of luminal geometry and coronary artery pathology. They are also expected to permit more precise quantification of the local hemodynamic forces, better prediction of plaque evolution, and optimization of focal therapies developed for the treatment of culprit or vulnerable lesions.
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A combination optical coherence tomography and near-infrared spectroscopy (OCT-NIRS) coronary imaging system is being developed to improve the care of coronary patients. While stenting has improved, complications continue to occur at the stented site and new events are caused by unrecognized vulnerable plaques. An OCT-NIRS device has potential to improve secondary prevention by optimizing stenting and by identifying vulnerable patients and vulnerable plaques. OCT is already in widespread use world-wide to optimize coronary artery stenting. It provides automated lumen detection and can identify features of coronary plaques not accurately identified by angiography or intravascular ultrasound. The ILUMIEN IV study, to be completed in 2022, will determine if OCT-guided stenting will yield better clinical outcomes than angiographic guidance alone. While the superb spatial resolution of OCT enables the identification of many plaque structural features, the detection by OCT of lipids, an important component of vulnerable plaques, is limited by suboptimal specificity and interobserver agreement. In contrast, NIRS has been extensively validated for lipid-rich plaque detection against the gold-standard of histology and is the only FDA-approved method to identify coronary lipids. Studies in patients have demonstrated that NIRS detects lipid in culprit lesions causing coronary events. In 2019, the positive results of the prospective Lipid-Rich Plaque Study led to FDA approval of NIRS for detection of high-risk plaques and patients. The complementarity of OCT for plaque structure and NIRS for plaque composition led to the sequential performance of NIRS and OCT imaging in patients. NIRS identified lipid while OCT determined the thickness of the cap over the lipid pool. The positive results obtained with OCT and NIRS imaging led to development of a prototype combined OCT-NIRS catheter that can provide co-registered OCT and NIRS data in a single pullback. The data will provide structural and chemical information likely to improve stenting and deliver more accurate identification of vulnerable plaques and vulnerable patients. More precise diagnosis will then lead to OCT-NIRS guided treatment trials to improve secondary prevention. Success in secondary prevention will then facilitate development of improved primary prevention with invasive imaging and effective treatment of patients identified by non-invasive methods.

Keywords: OCT-NIRS imaging, intravascular coronary imaging, Near-IR Coronary Spectroscopy (NIRS), optical coherence tomography, vulnerable patients and vulnerable plaques, OCT for stenting

Despite considerable progress, coronary artery disease continues to be the world's leading cause of death (1). A novel intra-coronary (IC) imaging system that combines optical coherence tomography (OCT) with near-infrared spectroscopy (NIRS) is being developed to improve the secondary prevention of coronary events (2).

The need for a novel instrument is apparent from the continued occurrence of events post-coronary stenting, which is performed approximately 4 million times per year. Complications continue to occur at the stented site, and new events arise from dangerous non-stenotic vulnerable plaques not identified during the initial stenting procedure (Figure 1). In the PROSPECT Study the event rate 3.4 years post-enrollment was 12.9% due to new events caused by the stented site, and 11.6% due to events from non-stenotic vulnerable plaques not identified at the index stenting (3). Recent consensus documents have described the potential for invasive coronary imaging to optimize coronary interventions and improve the treatment of acute coronary syndromes (4, 5).


[image: Figure 1]
FIGURE 1. A histologic cross-section of a previously vulnerable coronary plaque causing a fatal myocardial infarction. The cap covering the lipid core ruptured and led to an occlusive thrombus.


The combination OCT-NIRS instrument is being created as a means to improve outcomes post-stenting:

First, by reducing complications at the stented site;

Second, by identifying vulnerable patients as a means to guide intensity of pharmacologic therapy;

And, third, by identifying vulnerable plaques that might benefit from local therapy such as stenting.

While both OCT and NIRS have the potential to contribute to all 3 goals, the primary benefit of OCT is likely to be optimization of the stent result thereby decreasing events at the stented site, while the primary benefit of NIRS is likely to be the identification of vulnerable patients and vulnerable plaques.

The identification of vulnerable plaques, a long-sought goal identified in 1989 (6), and later refined (7), might lead to stenting of dangerous, non-stenotic lesions. This chapter will review the use of OCT and NIRS for the 3 goals of improved stenting, detection of vulnerable patients and detection of vulnerable plaques.


EXPERIENCE WITH OCT

OCT was introduced for medical diagnostics over 20 years ago as a means to use novel laser light sources and fiberoptic catheters to characterize tissue (8, 9). It has been successfully utilized in coronary patients to obtain higher resolution images of plaques and stented lesions than images obtained with intravascular ultrasound (IVUS) (10, 11). The improved resolution of OCT imaging has made it possible to identify many previously hidden features of plaques and stenting [(12), Table 1, Figure 2]. More recently, automated methods have been developed to measure lumen diameter (16).


Table 1. Summary of studies evaluating OCT-guided PCI.
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FIGURE 2. A comparison of images obtained by IVUS and OCT from the same location. The superior resolution of OCT easily permits detection of a dissection (shown by arrows) less apparent by IVUS.



OCT for Optimization of Coronary Stenting

Intracoronary structural imaging has shown considerable merit as a means to improve outcomes in patients undergoing percutaneous coronary intervention (PCI). A meta-analysis of 7 randomized trials of IVUS-guided stenting vs. angiographic-guided stenting showed markedly decreased major adverse cardiac events (MACE) rates with IVUS guidance [OR 0.66, 95% CI: 0.52–0.84, P = 0.001; (17)]. Although no adequately powered randomized controlled trials have similarly compared OCT-guided stenting vs. angiographic-guided stenting for clinical outcomes, several prior studies evaluating OCT-guided stenting are worth consideration (Table 1). An early observational comparison of OCT-guided PCI vs. angiographic-guided PCI demonstrated improved clinical outcomes, including a reduction in mortality and myocardial infarction, in the OCT-guided cohort (13). These observational findings in favor of OCT have not yet been confirmed in a randomized controlled trial. In the prospective DOCTORS study, patients with non-ST-segment elevation acute coronary syndromes were randomized to undergo OCT-guided PCI or angiography-guided PCI (14). Post-PCI fractional flow reserve (FFR) was significantly higher among patients undergoing OCT-guided PCI. Furthermore, the frequency of an FFR value >0.90 post-PCI was substantially greater with OCT-guidance (82.5%) compared to angiographic guidance (64.2%; p = 0.0001).

The ILUMIEN III trial compared OCT-guided, IVUS-guided, and angiographic-guided PCI. The primary endpoint of this trial was minimum stent area (MSA) achieved after PCI, as larger MSA values after stenting have consistently been associated with improved clinical outcomes. OCT-guidance was superior to angiographic-guidance with respect to stent expansion and procedural success. The final minimum stent areas for the 3 approaches were (median [25 percent, 75 percent]) 5.79 [4.54, 7.34] mm2 with OCT-guidance, 5.89 [4.67, 7.80] mm2 with IVUS-guidance and 5.49 [4.39, 6.59] mm2 with angiographic-guidance (15). Since ILUMIEN III was not powered to detect differences in clinical outcomes with the three guidance methods, ILUMIEN IV was launched to compare clinical outcomes in angiographic- vs. OCT-guided stenting in over 3,000 patients undergoing PCI (clinicaltrials.gov NCT03507777). Results of this pivotal trial are expected in 2022.

The use of OCT to guide PCI performance has been made easier by the recent development of software packages providing automated detection of several key anatomic features on the acquired OCT images (18). By automatically detecting lumen profiles, minimum lumen area, metallic stent struts, and stent strut malapposition, these novel software packages can assist operators in planning and optimizing PCI results.



OCT for Detection of Vulnerable Patients and Vulnerable Plaques

In the prospective PROSPECT Study, IVUS, the structural imaging predecessor of OCT, has been shown to be capable of detecting vulnerable plaques (3). For non-stented sites, IVUS was able to identify plaques likely to cause future events. Non-stenotic sites with a plaque burden ≥70%, minimal lumen area ≤4 mm2 and signs of a thin-cap fibroatheroma (TCFA) had a 18.2% chance of causing a major adverse event during 3.4 years of follow-up. The ability of IVUS to identify vulnerable plaques was subsequently confirmed in the VIVA (19) and ATHEROREMO-IVUS studies (20). While the ability to identify plaques at risk was convincingly demonstrated in these studies, some have suggested the positive predictive value achieved by IVUS imaging alone may not be high enough to warrant attempts at local therapy. This is being actively investigated in two ongoing treatment trials of potentially vulnerable plaques, PROSPECT ABSORB (clinicaltrials.gov NCT021710651) and PREVENT (21).

It is not yet known whether OCT is similarly capable of prospectively identifying lesions at risk of future site-specific events. Prati et al. have identified distinct OCT features of culprit lesions in a cross-sectional study (22). Whether non-culprit lesions having these OCT features of vulnerability actually represent vulnerable plaques at risk of causing future events remains unknown. The COMPLETE Study demonstrated that PCI of all stenotic lesions at the time of PCI for a culprit lesion causing a STEMI resulted in improved outcomes. An OCT substudy of 93 patients in the COMPLETE Study found OCT signs indicating that stenotic non-culprit lesions frequently shows signs of vulnerability and suggested that stenting of such lesions might be responsible for the positive results of COMPLETE (23).

A major limitation of OCT for detection of vulnerable plaques is the difficulty of identifying lipid deposits in the presence of calcification [(24); Figure 3]. However, OCT can accurately detect more features than IVUS (such as thrombus, vasa vasorum, cholesterol crystals, and cap thickness). Such improved plaque characterization might provide the increased positive predictive value that is needed (25). The prospective CLIMA study has performed baseline OCT imaging in 1,003 patients. The study developed a four component OCT grading system, which includes OCT-identified macrophages (26). The results of the CLIMA study, after 1 year of follow up, have been recently reported and demonstrated the presence of MLA <3.5 mm2, fibrous cap thickness <75 μm, lipid arc >180°, and macrophages, as detected by OCT, were associated with an increased risk of the primary endpoint, a composite of death and target segment myocardial infarction (27). The simultaneous presence of all four of these OCT characteristics was an independent predictor of the primary endpoint with a HR of 7.54 (95% CI 3.1–18.6).


[image: Figure 3]
FIGURE 3. A comparison of OCT detection of lipid with lipid detected by NIRS in the setting of superficial calcification. Calcification is marked by the * on the OCT image and by the arrow on the NIRS-IVUS image. The presence of calcium complicates detection of lipid by OCT.


A vulnerable plaque treatment trial based on OCT-guidance has also been initiated. In the PREVENT Study Park et al. have enrolled over 1,000 patients with OCT, NIRS or IVUS signs of a non-stenotic vulnerable plaque (21). The suspected vulnerable plaques have been randomized to optimal medical therapy (OMT) alone, or OMT plus a stent or scaffold. Results are expected in 2022.

Whereas, the ability of OCT to prospectively detect vulnerable plaques has not yet been proven, OCT has been shown to be capable of identifying vulnerable patients, defined as those at an increased risk of future patient-level cardiovascular events (Table 2). In an observational study of 1,474 patients undergoing OCT imaging at baseline, the presence of non-culprit LRP detected by OCT in the target vessel was associated with a higher risk of patient-level major adverse cardiovascular events during 48 months of follow up (28). The results of the CLIMA study described above also support the ability of OCT to detect vulnerable patients (27).


Table 2. Summary of OCT and NIRS studies for the detection of vulnerable patients.
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EXPERIENCE WITH NIRS

Intracoronary NIRS imaging was developed as a means to detect the lipid-core plaques suspected to be vulnerable to disruption and thrombosis (Figure 4). Initial studies demonstrated that NIRS could detect lipid core plaques in human coronary autopsy specimens as documented by histology (35). In 2019 the U.S. FDA cleared NIRS for the detection of patients and plaques at high-risk of causing a MACE on the basis of the Lipid-Rich Plaque Study results (34).


[image: Figure 4]
FIGURE 4. Measurement of pure chemicals by spectroscopy in the absence of blood flow and motion. Substances of interest, such as collagen and cholesterol, are easily identified by their variable absorbance at different near-IR wavelengths.



NIRS for Optimization of Coronary Stenting

It has been observed that dilation of a lipid-rich plaque is associated with no-reflow and periprocedural myocardial infarction, a serious complication of PCI. Using data from a large NIRS registry, Goldstein et al reported target lesions with a maxLCBI4mm ≥ 500 were associated with periprocedural myocardial infarction during PCI in 50% cases (36). This led to the concept that the use of a filter might be helpful in preventing peri-stenting myocardial infarction. The CANARY study confirmed the association between large LRP detected by NIRS and the risk of periprocedural myocardial infarction (37). However the CANARY Study was unable to demonstrate a beneficial effect of distal embolic protection (37). A recent report indicates that stenting of plaques with increased lipid by NIRS is associated with signs of microvascular injury (38).

The COLOR Registry demonstrated that stenting of lipid-rich plaque, as detected by NIRS carried no increased longer term risk, which supports study of the use of stenting for vulnerable plaques (39). It is possible that NIRS may identify optimal non-lipid-rich landing zones for the ends of stents and guide the selection of stent length to ensure adequate coverage of LRP. In this regard, a prior study has demonstrated LRP to frequently extend beyond the angiographic margins of the target lesion (40). Furthermore, LRP in the stent margins, as identified by OCT, has been associated with an increased risk of subsequent restenosis, with larger lipid cores seemingly carrying greater risk (41). Whether LRP identified by NIRS in the stent margins after PCI similarly identifies a greater risk of restenosis has not been adequately investigated.



NIRS for Detection of Vulnerable Patients and Vulnerable Plaques

Multiple studies have demonstrated that the detection by NIRS of lipid in the walls of the coronary arteries identifies vulnerable patients at increased risk of a new event (33). There is also evidence that NIRS can detect vulnerable plaques, a more difficult goal than identifying vulnerable patients, but one that could lead to effective local therapy. The initial data suggesting that NIRS could identify vulnerable plaques were obtained from cross-sectional studies, in which NIRS evidence of a lipid core plaque was found at the site of culprit lesions causing ST-segment elevation myocardial infarction (STEMI) (42, 43). More recently Terada et al. demonstrated that the NIRS-IVUS instrument (Infraredx, Inc., a Nipro Company) can differentiate plaque rupture from erosion from calcified nodule as the cause of a coronary event (44).

The promising cross-sectional studies have now been supplemented with the required prospective data. As mentioned above, in April 2019, the US FDA approved NIRS for detection of both vulnerable patients and vulnerable plaques on the basis of the results of the Lipid-Rich Plaque Study (34). Thirty mm segments of artery were designated as “Ware Segments” and assessed for lipid core plaque by NIRS imaging at baseline. Lipid content was designated as the maximal lipid-core burden index in 4 mm lengths of pullback (maxLCBI4mm). Patients were then followed for 2 years for evidence of new coronary events. For segments with a maxLCBI4mm more than 400, the unadjusted hazard ratio (HR) for non-Culprit-MACE was 4.22 (2.39–7.45; p < 0·0001) and the adjusted HR was 3.39 (1.85–6.20; p < 0·0001).

While an adjusted HR of 3.39 is significant, a higher hazard ratio would be helpful for identification of plaques that might benefit from local therapy.

Results of a second study of NIRS-IVUS imaging to detect vulnerable plaque and vulnerable patients are expected in 2020. The PROSPECT 2-ABSORB (P2A) study, which is being led by Drs. David Erlinge and Gregg Stone, has completed enrollment of 900 patients in Sweden, Norway and Denmark (Clinicaltrials.gov NCT02171065). Among the endpoints to be evaluated will be the ability of additional information provided by IVUS to increase the hazard ratio for vulnerable plaques detected by NIRS. The ABSORB portion of P2A is a pilot study in 200 patients of the treatment of non-stenotic vulnerable plaques randomized to OMT or OMT plus a local therapy with a bioresorbable vascular scaffold (BVS). The results of this study will have to be interpreted in the context of the known scaffold thrombosis risk associated with BVS.




STUDIES WITH BOTH OCT AND NIRS MEASUREMENTS

The promising results cited above with both OCT and NIRS have led to interest in imaging with both OCT and NIRS in patients undergoing PCI. These studies were performed with separate OCT and NIRS catheters, which necessitated two pullbacks, and required efforts to establish co-registration of the OCT and NIRS images. Bourantas et al. have reviewed the overall status of hybrid instruments that can provide multiple types of information about a plaque in a single pullback (45).

For OCT plus NIRS imaging, the combination was successful in two separate reports in identifying thin caps over neoatheroma formed inside stents (46, 47). These results suggest combined OCT-NIRS imaging in pre-existing stents may overcome some of the limitations inherent to NIRS-IVUS imaging in identifying neoatherosclerosis (48).

Räber et al. performed NIRS and OCT imaging in a patient with a myocardial infarction who unfortunately died 5 days later of a ventricular rupture [(5); Figure 5]. This permitted comparison of OCT and NIRS data with histology (49). In vivo NIRS showed a large lipid-rich plaque validated by histology as expected from prior ex vivo autopsy validation studies. The in vivo OCT image indicated that the lipid core was covered by a thick cap—a finding also validated by histology. Hence the NIRS plus OCT suggested that a large lipid core was present, but that it was less likely to be vulnerable in the near-term due to the presence of thick cap.


[image: Figure 5]
FIGURE 5. Angiogram, NIRS, OCT, and histology findings in a patient who died of ventricular rupture 5 days after imaging. The blue line on the angiogram (A1) shows the IVUS-NIRS and OCT pullback location in LAD during stenting at a more distal location. The chemogram (A2) and cross-section IVUS-NIRS (A3) shows lipid from 10 p.m. to 3 p.m. OCT from the same cross-section shows a thick cap of 300 microns, and signs of calcification which complicate the detection of lipid by OCT. In each image, the arrow marks the location of superficial calcium, the hash-tag marks the location of a lipid core underlying the calcification, and the the asterisk marks the location of a lipid pool. Adapted from Zanchin et al. (49). The findings show the complementarity of NIRS and OCT data—NIRS identifies lipid without interference by calcium and OCT shows the thickness of the cap over the lipid. In this case in which the plaque was not causing obstruction, the lipid core would not be expected to be dangerous since a thick cap is present.


Madder obtained OCT and NIRS data in a patient who experienced a coronary event [(50); Figure 6]. The NIRS chemogram showed 2 large and one small lipid core plaques. The OCT showed that the culprit event was caused not by the large lipid core plaques that had thick caps but by the smaller lipid core plaque that had a thin cap.


[image: Figure 6]
FIGURE 6. A comparison of NIRS-IVUS and OCT imaging data in a patient with a coronary event. OCT was used to measure cap thickness in regions with lipid detected by NIRS and was able to differentiate lipid cores with thick and thin caps. The culprit lesion, identified by angiography plus IVUS and OCT imaging is indicated on the NIRS-IVUS and OCT pullbacks. The culprit lesion occurred at the relatively small lipid core plaque that had a thin cap as determined by OCT. The NIRS chemogram shows 2 large lipid core plaques (yellow spots) at non-culprit sites. Personal Communication from Dr. Ryan Madder.




DEVELOPMENT OF A COMBINATION OCT-NIRS CATHETER

The complementarity of OCT and NIRS data led to interest in a combination OCT-NIRS catheter. The hybrid catheter would permit collection of automatically co-registered data in a single pullback. Features of a combination OCT-NIRS device are shown in Figure 7. OCT provides a broad range of features, while the sole contribution of the NIRS is the accurate and automated detection of lipid core plaque.


[image: Figure 7]
FIGURE 7. A comparison of the capabilities of multiple imaging modalities for the detection of various features of interest in a coronary artery. Adapted from Maehara et al. (51).


A prototype functional OCT-NIRS catheter has been developed in the Tearney Lab at the Massachusetts General Hospital, Boston MA [(2); Figure 8]. Studies performed in autopsy specimens demonstrated the detection of lipid by spectroscopy and structural features, including cap thickness, by OCT (Figure 9). As illustrated in Figure 9, a promising feature of the combined OCT-NIRS device is that OCT may facilitate determining the depth of lipid cores identified by NIRS. SpectraWAVE, Inc. is now building a commercial, combination OCT-NIRS catheter that will be available for clinical use in 2021.


[image: Figure 8]
FIGURE 8. A close-up of the tip of the prototype OCT-NIRS catheter created by the Tearney Lab. Light travels down a first optical fiber, and returns to provide the NIRS signal in a second optical fiber.



[image: Figure 9]
FIGURE 9. OCT-NIRS images of cadaver coronary artery. Both OCT images show lesions with reduced backscattering (arrow). NIRS image (red and yellow) shows absorption spectra compatible with fibrotic tissue (red) in the left image (A), and lipid-rich tissue (yellow) in the right image (B). As shown on the right image, a promising feature of the combined OCT-NIRS device is that OCT may facilitate determining the depth of lipid cores identified by NIRS.




CONCLUSION

OCT already provides valuable information for PCI procedures, and NIRS has already been demonstrated to identify vulnerable patients based on the detection and quantification of coronary lipid. However, the effort to identify vulnerable plaques which has been in progress for 30 years and has yet to provide a validated, widely used method to identify and treat the focal lesions. This has led to criticism of the search for the vulnerable plaque, and the admonition that efforts should be shifted to identification of the vulnerable patient for this systemic disease (52). A counter-argument can be made in favor of identifying both the vulnerable patient, and the most dangerous plaques that are the focal manifestation of the disease.

It is expected that the OCT-NIRS catheter, with automated co-registration of data, will contribute to the triple goal of improving stenting and detecting and treating vulnerable patients and vulnerable plaques. An added benefit of improved secondary prevention will be an impetus for improved primary prevention made possible by precise invasive imaging and treatment of those deemed to be at higher risk by non-invasive imaging (53, 54).
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Acute coronary syndromes (ACS) secondary to coronary vessel plaques represent a major cause of cardiovascular morbidity and mortality worldwide. Advancements in imaging technology over the last 3 decades have continuously enabled the study of coronary plaques via invasive imaging methods like intravascular ultrasound (IVUS) and optical coherence tomography (OCT). The introduction of near-infrared spectroscopy (NIRS) as a modality that could detect the lipid (cholesterol) content of atherosclerotic plaques in the early nineties, opened the potential of studying “vulnerable” or rupture-prone, lipid-rich coronary plaques in ACS patients. Most recently, the ability of NIRS-IVUS to identify patients at risk of future adverse events was shown in a prospective multicenter trial, the Lipid-Rich-plaque Study. Intracoronary NIRS-IVUS imaging offers a unique method of coronary lipid-plaque characterization and could become a valuable clinical diagnostic and treatment monitoring tool.

Keywords: near-infrared spectroscopy (NIRS), lipid-rich plaque, plaque-characterization, intravascular imaging, intravascular ultrasound (IVUS), coronary artery disease, coronary plaque


INTRODUCTION

Coronary artery disease (CAD) has continued to be a major cause of morbidity and mortality worldwide, despite recent advances in medical and interventional therapies (1). The pathogenesis of acute coronary events involves the development of an early core with the accumulation of lipid-rich free cholesterol which then progresses to the formation of a fibroatheroma (2). Coronary angiography has been a crucial tool for detecting the gross presence of disease of coronary lesions, it however underestimates the magnitude of atherosclerosis in non-culprit arteries particularly in the early stages of disease process and provides no information regarding the composition of the plaque responsible for the lesion. Intracoronary imaging including intravascular ultrasound (IVUS) and near infrared spectroscopy (NIRS) have been studied to determine the plaque burden (PB) and plaque composition, respectively.

Intravascular Ultrasound provides 2-dimensional cross-sections of arterial vessels which enables the visualization and characterization of not just lumen and stent struts, but the vessel wall dimensions and the presence of plaques within it. In spite of the usefulness of IVUS in the study of plaques and vessel remodeling, it remains limited in the visualization and quantification of certain plaque characteristics mainly due to the inherent properties of sound waves (3). NIRS imaging offers the ability to penetrate blood and tissue to detect lipid core containing coronary plaques. The technology is based on the property of different organic molecules to scatter and absorb light at different intensities and wavelengths (4, 5). The integration of NIRS and IVUS systems has provided a hybrid imaging modality which combines the penetration and high resolution of IVUS with the lipid core quantification and characterization of NIRS which has been demonstrated to correlate with the lipid detection (6, 7).

We will review the present and potential clinical and research utility of NIRS-IVUS imaging in the study of coronary lipid plaques in the context of CAD.



NEAR INFRARED SPECTROSCOPY TECHNIQUE

Near-infrared diffuse reflectance spectroscopy is a technique that relies on the property of substances to absorb and scatter NIR light (wavelengths from 800 to 2,500 nm) at different intensities as a function of wavelengths (8–10). NIRS as a technique has been used in various science fields, including chemistry and pharmaceuticals, for the determination of the chemical composition of substances.

Prior to the development of NIRS, various spectroscopy techniques (nuclear magnetic resonance spectroscopy, Raman spectroscopy, and fluorescence spectroscopy) had been studied for possible intravascular applications toward the study of atherosclerotic plaques. The Raman near-infrared spectroscopy (NIRS) which was widely used several disciplines was based on the inelastic scattering of photons following collision with molecules and while it was suggested to have the potential to identify vulnerable plaques, was limited by signal-to-noise problems (11–14). The NIRS technology was first used in 1993 by Cassis and Lodder in animal experiments in which they sought the characterization of low-density lipoprotein cholesterol accumulation in the aortas of hypercholesterolaemic rabbits. This was followed by the in-vivo use of diffuse reflectance NIRS in imaging the lipid content in human carotid plaques exposed during surgery (15, 16)


Validation of NIRS

In the early days of NIRS, 2 pivotal studies were carried out to validate its accuracy for the detection of lipid core plaques (LCPs) in human vessels. The first study by Gardner et al. made use of 84 human heart specimens- 33 hearts were used to develop NIRS algorithms and produce predefined endpoints while the remaining 51 hearts were used for prospective validation of algorithm, in a double-blinded study design, to evaluate the accuracy of NIRS in detecting LCPs. In order to have a quantitative target for constructing the algorithm and validating the findings, an LCP of interest was defined as a “fibroatheroma” (FA) with a lipid core >60° in circumferential extent, >200 μm thickness, and with a fibrous cap of mean thickness <450 μm.” The primary analysis which was done by comparing NIRS information presented on block chemogram readings vs. the classified histologic findings showed a “receiver operating characteristic (ROC) area under the curve (AUC) of 0.80 (95 % CI: 0.76–0.85),” confirming the ability of the NIRS system to accurately identify the LCPs (4).

Secondly, the Spectroscopic Assessment of Coronary Lipid (SPECTACL) study which was the first catheter-based technique to use NIRS in humans for percutaneous application was performed to validate the applicability of the autopsy-based LCP detection algorithm in patients. The study, in addition to showing that the NIRS imaging catheter had a similar safety profile to that of IVUS, demonstrated that the spectra obtained from imaging the epicardial vessels of living patients were similar to those from previously validated spectra from autopsy specimens, thereby supporting the use of NIRS for detection of LCPs in human patients (9).

Earlier, several ex-vivo studies had examined the ability of NIRS to identify histological features of lipid-rich atherosclerotic plaques in human blood vessels obtained at autopsy. These studies reported >90% sensitivity and specificity for the identification of characteristic features suggesting lipid-rich plaques including the rupture-prone thin-cap fibroatheromas (TCFAs) seen in ACS patients. More recent studies have corroborated these findings as well as pointing to the additive value of NIRS to IVUS-derived PB in detecting vulnerable plaques (17–21).

Intra- and Inter-catheter reproducibility of the NIRS catheter has also been validated in a number of independent studies (22, 23).



Principles of Near Infrared Spectroscopy-Intravascular Ultrasound (NIRS-IVUS) Catheter

A little over a decade ago, a single modality NIRS system was originally developed for the invasive detection of lipid core plaques (LipiScan™, Infraredx Inc., Bedford, MA, USA). In later years, a dual modality system which combined IVUS with NIRS was developed to provide in a single catheter information on both vessel structure and plaque composition in a single acquisition. The NIRS-IVUS systems have continued to evolve and now exist in the form of a dual frequency, dual modality system. (TVC Imaging System™ and Makoto Intravascular Imaging System™, Infraredx Inc.) Table 1.


Table 1. Evolution of NIRS/NIRS-IVUS imaging-based systems.

[image: Table 1]

The NIRS-IVUS system comprises a scanning NIR laser, a pullback and rotation unit, and a traditional IVUS-sized catheter. The 3.2F rapid exchange catheter has an entry profile of 2.4F and a shaft profile of 3.6F and is compatible with 6F guiding catheters. The NIRS-IVUS can be inserted over a 0.014-inch guide wire while its passage through the lesion is facilitated by the hydrophilic coating present on the flexible distal 50 cm end. The IVUS images are acquired during an automated pullback with simultaneous co-registered NIRS measurements. In the latest generation, the Makoto system, the catheter's imaging core pulls back at speeds of 0.5, 1.0, or 2.0 mm/s and rotates at 1800 rpm with a maximum imaging length of 15 cm, acquiring up to ~130,000 NIRS per 100 mm (4, 9, 24) (Figure 1).
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FIGURE 1. NIRS Prototype figures (A) LipiScan-NIRS-MC5 (B) LipiScan-NIRS-MC5 Display (C) 2012 TVC Imaging System-MC8 (D) 2015 TVC Imaging System-MC9 (E) NIRS Pullback device (F) NIRS-IVUS catheter (G) 2012 TVC Display (H) Makoto Imaging System- MC10 (I) 2018 Makoto Display (All images in this Figure are licensed content by InfraRedX Inc. and shall not be reproduced).


NIRS lipid core data are automatically displayed on a “chemogram” which displays the probability of the presence of a lipid rich plaque with the millimeters of pull-back on the x-axis and the circumferential position on the y-axis. Areas containing lipid core are displayed as yellow and those without any significant lipid core as red. A quantitative image metric is automatically reported as a numerical lipid-core burden index (LCBI), which represents the fraction of the chemogram yellow pixels whose probability of lipid exceeds 0.6, per 1,000. The LCBI provides a quantitative metric of the lipid core plaque present in a scanned vessel and can be computed over the entire length of a vessel scan, segments of scans, or defined width windows within segments (such as the 4 mm sliding window with the maximum LCBI, maxLCBI4mm) (9) (Figure 2).


[image: Figure 2]
igure 2. (A–C) NIRS-IVUS chemograms in non-culprit lesions showing LCBI in non-stenotic angiographic segments; (A) Baseline Angiogram cine showing left anterior descending (LAD) segment with IVUS cross-sections and NIRS-IVUS rings indicating the presence of lipid plaque, (B) Baseline NIRS-IVUS chemogram (longitudinal view) showing the calculated maximum 4 mm LCBI (max4mmLCBI) in a 4 mm segment of the LAD segment shown in (A). (C) Follow up angiogram of the same vessel segment showing a severely stenotic segment in the proximal LAD. (Courtesy of the MedStar Health Research Institute, MedStar Cardiovascular Research Network, Invasive Imaging Core Laboratory).





APPLICATIONS OF NIRS-IVUS


Lipid Rich Plaque Characterization

Prior autopsy studies have shown that lesions with a thin fibrous cap(<65 mn of cap thickness) overlying a large necrotic core are most frequently prone to rupture (4, 25, 26). These “vulnerable” plaques have therefore become a target for identification by novel intracoronary imaging modalities. Several studies in ACS patients have since shown the presence of LCPs in the culprit arterial segments to be major precursors of the disease and the possible association of the lipid core burden with adverse cardiovascular outcomes in CAD patients overtime (27–34) (Table 2).


Table 2. Overview of key studies evaluating the utility and efficacy of NIRS-IVUS imaging in CAD.
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The PROSPECT (Providing Regional Observations to Study Predictors of Events in the Coronary Tree) Trial, a landmark study which included 697 acute coronary syndrome (ACS) patients was a natural history study that sought to provide in vivo evidence of the hypothesis that the histopathological characteristic of plaques and not the degree of stenosis on angiography was responsible for the development of ACS. The study investigated the non-culprit coronary lesions in patients with ACS who underwent three-vessel gray scale and VH-IVUS imaging after successful PCI of culprit lesion demonstrated that “independent predictors of non-culprit-related events were the presence of VH-IVUS thin-cap fibroatheroma (hazard ratio 3.35; 95% confidence intervals 1.77–6.36), a PB ≥70% (hazard ratio 5.03; 95% confidence intervals 2.51–10.11), and a minimum lumen area ≤ 4.0 mm2 (hazard ratio 3.21; 95% confidence intervals 1.61–6.42)” (44).

Following the results from the PROSPECT Study, The COLOR registry prospectively observed a positive association between plaque morphology evaluated by NIRS and the degree of coronary artery stenosis. It demonstrated that increasing degree of stenosis seen by angiography was associated with more vulnerable plaque morphology as assessed by NIRS-IVUS system. Also, one of the first prospective human studies which evaluated high LCP by NIRS vs. cardiovascular events- The ATHEROREMO-NIRS (The European Collaborative Project on Inflammation and Vascular Wall Remodeling in Atherosclerosis—Near-Infrared Spectroscopy) trial, a sub-study of the ATHEROREMO-IVUS study of nearly 600 patients (to evaluate some of the limitations of VH IVUS identified after the PROSPECT and VIVA studies) produced promising results regarding the possibility of the technology. The relationship of LCBI value with the primary endpoint composite was found to be similar in both stable angina and ACS patients. In a more recent study, Matsumura et al. employed NIRS-IVUS in examining the features of coronary lesions with intraplaque hemorrhage (a key culprit in coronary lesion progression) in a histopathological validation study and demonstrated the presence of more FAs, greater IVUS PB and NIRS lipid core burden present in intraplaque hemorrhage segments compared to segments without intraplaque hemorrhage (35, 37, 45–47) Table 2.

In the most recent prospective multicenter natural history intracoronary imaging study—The LRP (Lipid Rich Plaque) identified patients and coronary segments at risk of future major adverse coronary events using NIRS-IVUS system. Patients with known or suspected CAD undergoing cardiac catherization with possible PCI were examined via NIRS-IVUS imaging in non-culprit arteries when possible. The study showed that 9% of the patients had subsequent non-culprit-major adverse cardiac events (NC-MACE) and out of these patients, higher event rate was associated with analyzable maxLCBI4mm > 400 (HR 3.39; 95% confidence interval 1.85–6.20), pointing to the diagnostic value of the NIRS-IVUS (42, 43). Following these results, the FDA granted a label claim for NIRS detection and identification of patients at increased risk of major adverse cardiac events (MACE) Table 2.



Clinical Applications of Intracoronary Near-Infrared Spectroscopy

In general, the early evidence from NIRS-IVUS use points to multiple potential clinical applications of this imaging system. The identification and localization of vulnerable atherosclerotic plaques offers a clinical tool that could help assess precise lesion lengths including segments with a high lipid core burden toward optimal stenting (48). Secondly, NIRS-IVUS offers information on the necrotic core of atherosclerotic plaques and can predict the embolization of highly thrombogenic lipid depositions. The release of these elements into the blood stream which results in distal embolization is a known culprit in peri-procedural myonecrosis (35, 38, 49–51). Similarly, the utility of NIRS-IVUS in optimizing carotid artery stenting toward preventing periprocedural stroke is a subject of ongoing research (52, 53).

Furthermore, NIRS-IVUS has been employed in the study of plaque morphology and composition in the peripheral arteries-superficial femoral arteries in the setting of severe stenoses and symptomatic peripheral artery disease (PAD) (54, 55).

Several other studies (37, 43, 56, 57) which show the association of either max4mmLCBI or high LCBI (in the case of Danek et al. and Oemrawsingh et al.) in non-target/non-culprit vessel segment with increased incidence of MACCE and the risk of future coronary events subsequent to the presence of vulnerable plaques in non-culprit segments has given credence to retrospective autopsy studies regarding the assessment of plaque vulnerability. The ability of NIRS-IVUS to assess the possibility of future coronary events based on the LCBI values in non-culprit segments offers a unique diagnostic utility and a risk-stratification tool. The predictive role of NIRS-IVUS shown in these studies is being further studied in ongoing studies and raises the question of the need for treating non-culprit vulnerable plaques in vulnerable patients.

With the evolution of pharmacological therapies in addition to the performance of the present lipid-lowering therapies, NIRS-IVUS offers a tool for monitoring the effects of medications such as statins and PCSK9-inhibitors on the coronary vasculature lipid burden. Already, studies have investigated the effect of lipid-lowering medications on reducing necrotic-core containing plaques. The YELLOW (Reduction in Yellow Plaque by Aggressive Lipid-Lowering therapy) trial was a randomized clinical trial (rosuvastatin 40 mg daily vs. the standard-of-care lipid-lowering therapy) which recruited patients with multi-vessel CAD (including at least 1 severely obstructive [FFR ≤ 0.8] non-culprit) undergoing revascularization by PCI. The non-target lesions in both groups were evaluated at baseline and following 7 weeks of therapy with fractional flow reserve (FFR), and NIRS-IVUS, comparison between baseline and follow up results for NTLs demonstrated that reduction in LCBI4mm max was significantly higher in intensive statin group as compared to standard group (36) In a follow up study -the YELLOW II, the effects of high-dose statin therapy on changes in plaque morphology (evaluated by OCT) and plaque lipid content by NIRS were assessed in obstructive non-culprit lesions (NCLs) in addition to a comprehensive assessment of cholesterol efflux capacity (CEC) and peripheral blood mononuclear cell (PBMC) transcriptomics. The mean baseline NIRS-derived maxLCBI4mm was over 400 (416.6 ± 172.9) and the study reported no significant change in plaque lipid content by NIRS albeit a significant change in fibrous cap thickness after about 12 weeks of statin therapy. (41). Almost similarly, the IBIS-3 (Integrated Biomarker and Imaging Study 3) trial demonstrated that “high dose rosuvastatin therapy had a neutral effect on LCP (assessed by NIRS LCBI) in non-stenotic NCLs in the coronary vessels after 6- and 12-month follow-up intervals despite a relatively lower mean baseline maxLCBI4mm (201.9 ± 1623.8), in the cohort of 103 patients”(39, 40). While differences in LCBI cut-offs of the various studies could be a possible reason for the discrepancy in findings, the mean baseline maxLCBI4mm in the YELLOW I and YELLOW II trials were similar, even though the baseline LCBI was significantly higher in patients randomly allocated to the intensive vs. standard therapy group in the YELLOW I and there was no comparative standard therapy group in the YELLOW II. There is also the question of short term LRP/LCBI regression occurring mostly in plaques with a large PB and large LRPs reported in a YELLOW trial sub-study evaluating the relationship between LRPs, plaque morphology and lesion progression or regression. These findings point to the need for further exploration of the effect of statins as well as novel lipid-lowering therapies on NIRS-derived LCPs and LCBI in conjunction with plaque morphology analysis via other intracoronary modalities (58).




FUTURE DIRECTIONS

The findings of Waksman et al. in the recent LRP study (43) strongly suggest the viability of NIRS-IVUS as a diagnostic and risk-stratifying modality and opens the door to further trials to evaluate therapeutic strategies against high lipid core burden and/or vulnerable plaques/patients in addition to studies which could explore the value of LCBI as a surrogate marker for the checking the effectiveness of new therapeutic interventions.

Notably, the effects of newer LDL-lowering medications are currently being studied in ongoing trials. The PACMAN AMI (Vascular Effects of Alirocumab in Acute MI-Patients) trial (ClinicalTrials.gov Identifier: NCT03067844) is examining the effects of PCSK9-inhibiting monoclonal antibody, alirocumab on coronary atherosclerosis in acute MI patients via NIRS, IVUS and OCT. Also, the FITTER (Functional Improvement of Coronary Artery Narrowing by Cholesterol Reduction With a PCSK9 Antibody) Trial (ClinicalTrials.gov Identifier: NCT04141579), will be enrolling patients to investigate the impact of evolocumab plus statins on FFR of non-infarct related arteries (non-IRAs) in multivessel disease patients and correlating baseline NIRS-derived lipid core burden with changes in FFR in the non-IRAs.

In a study design which integrates a natural history study and a randomized trial, the PROSPECT II and PROSPECT ABSORB, ClinicalTrials.gov Identifier: NCT02171065), patients with high risk plaque were randomized to receive Absorb BVS alongside the standard of care, optimal medical therapy (OMT) or vs. OMT alone and changes in the plaque will be evaluated by IVUS and NIRS at follow up. Lastly, The Preventive Coronary Intervention on Stenosis With Functionally Insignificant Vulnerable Plaque (PREVENT) study, is presently recruiting patients to determine the effect of preventive PCI on functionally insignificant coronary lesions with vulnerable plaque characteristics using NIRS, IVUS, OCT and virtual histology-IVUS modalities (ClinicalTrials.gov Identifier: NCT02316886).

While the value of NIRS-IVUS and other intracoronary imaging techniques are being shown in various imaging trials, there are still limitations in assessing plaque characteristics which could explain some of the conflicting study results. Multimodality imaging may be critical in overcoming these limitations, thus emphasizing the need for co-registration of NIRS-IVUS with other imaging including angiography and as well as OCT or in the form of hybrid imaging catheters (59). Finally, the ability of NIRS-IVUS to predict the location of histologically-confirmed TCFA and the possibility of NIRS-guided cap thickness detection, and collagen content analysis which are already being explored in ex-vivo studies could represent a huge breakthrough in vulnerable plaque studies in the near future.



LIMITATIONS

One of the main limitations of NIRS-IVUS is the invasiveness of the technique which precludes its use in primary prevention in symptomatic patients with subclinical disease. Presently, NIRS imaging does not have the capability to detect the depth of the lipid core or vulnerable plaque features such as the thinness of the fibrous cap.



CONCLUSION

NIRS in conjunction with IVUS is certainly a diagnostically useful tool for the detection of vulnerable plaques and can help identify patients at risk of future coronary events. While there is a wide spectrum of clinical applications for this technology, its viability for demonstrating the effects of present and forthcoming lipid-lowering therapies could significantly influence clinical perspectives and practice in the years to come.
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Background: Fluorescence lifetime imaging (FLIm) is a spectroscopic imaging technique able to characterize the composition of luminal surface of arterial vessels. Studies of human coronary samples demonstrated that distinct atherosclerotic lesion types are characterized by FLIm features associate with distinct tissue molecular makeup. While conventional histology has provided indications about potential sources of molecular contrast, specific information about the origin of FLIm signals is lacking. Here we investigate whether Raman spectroscopy, a technique able to evaluate chemical content of biological samples, can provide additional insight into the origin of FLIm contrast.

Methods: Six human coronary artery samples were imaged using FLIm (355 nm excitation)-Raman spectroscopy (785 nm excitation) via a multimodal fiber optic probe. The spatial distribution of molecular contrast in FLIm images was analyzed in relationship with histological findings. Raman data was investigated using an endmember technique and compared with histological findings. A descriptive modeling approach based on multivariate regression was used to identify Raman bands related with changes in lifetime in four spectral channels (violet: 387/35 nm, blue: 443/29 nm, green: 546/38 nm, and red: 628/53 nm).

Results: Fluorescence lifetime variations in the violet, blue and green spectral bands were observed for distinct areas of each tissue sample associated with distinct pathologies. Analysis of Raman signals from areas associated with normal, pathological intimal thickening, and fibrocalcific regions demonstrated the presence of hydroxyapatite, collagenous proteins, carotene, cholesterol, and triglycerides. The FLIm and Raman descriptive modeling analysis indicated that lifetime increase in the violet spectral band was associated with increased presence of cholesterol and carotenes, a new finding consistent with LDL accumulation in atherosclerotic lesions, and not with collagen proteins, as expected from earlier studies.

Conclusions: The systematic, quantitative analysis of the multimodal FLIm-Raman dataset using a descriptive modeling approach led to the identification of LDL accumulation as the primary source of lifetime contrast in atherosclerotic lesions in the violet spectral range. Earlier FLIm validation studies relying on histopathological findings had associated this contrast to increased collagen content, also present in advanced lesions, thus demonstrating the benefits of alternative validation methods.

Keywords: imaging, spectroscopy, atherosclerosis, Raman spectroscopy, FLIm, time resolved fluorescence


INTRODUCTION

Atherosclerotic cardiovascular diseases is a major cause of mortality (1). Despite decades of studies, the mechanisms behind atherosclerotic plaque progression leading to acute coronary events are not fully understood. Conventional imaging techniques, such as intravascular ultrasound (IVUS) and intravascular optical coherence tomography (iv-OCT) have enabled in vivo assessment of atherosclerotic lesions morphology, but they lack sensitivity to associated compositional features. Thus, more recent efforts are focused on developing complementary label-free imaging techniques able to detect compositional changes associated with morphological changes and lesion progression (2). Among these are intravascular declinations of near-infrared spectroscopy (NIRS) (3), photoacoustic (PA) (4), polarization sensitive OCT (PS-OCT) (5), fluorescence spectroscopy (6), and Raman spectroscopy (RS) (7). NIRS, PS-OCT, and PA enable the identification of features from advanced lesions such as large lipid pools and cholesterol crystals, but the assessment of compositional changes associated with early lesion development, a key factor to further the understanding of lesion pathogenesis, is still elusive.

The autofluorescence signature of arterial vessels has shown potential for the identification of compositional changes associated with lesion development (8). Imaging catheters combining fluorescence lifetime imaging techniques with IVUS and OCT have been recently reported and found suitable for the interrogation of coronary arteries (6, 9). However, autofluorescence signal from biological tissues is complex as several fluorophores contribute to the emission (10). Fluorophores present peak emissions at specific wavelengths, and therefore may in some cases be identified using spectral characteristics. Unfortunately, the wide emission bands typical of biological fluorophores hinder identification of individual fluorophores based on spectral characteristics. This is especially true for the violet region where several common molecules present fluorescence emission peaks (collagen, elastin, lipids, lipoproteins, and proteoglycans). Time-resolved measurements enable further discrimination, but identification of specific fluorophores still presents challenges: comparison of the spectroscopic signature of tissue with measurements of pure compounds has been reported for intensity based approaches (11), but this approach is not suitable for fluorescence lifetime, as lifetime characteristics of molecular species are heavily influenced by their microenvironment (12), and therefore measurements of pure compounds in solution may differ significantly from their fluorescence decay properties when present within lesions.

Here, we investigate the sources of FLIm contrast using RS, well-known for its ability to provide highly specific information about the composition of biological samples. Earlier studies demonstrated that Raman is sensitive to the main constituents of atherosclerotic lesions (13, 14) and thus able to provide extensive compositional information. In this work, the dataset consists of co-registered FLIm and Raman data from ex vivo human coronary samples acquired with a combined FLIm and Raman imaging probe. An endmember identification technique is applied to the Raman data to identify the different lesion constituents. Histological evaluation at select locations is used to verify that these findings are consistent with previously reported results. A descriptive modeling approach based on linear regression models quantifies links between FLIm contrast and intensity variations of specific Raman spectral bands, improving on the more qualitative interpretation of multimodal imaging data reported in literature (15–17). This method is used to identify the molecular species associated with fluorescence lifetime variations, a critical step to support the adoption of FLIm as a quantitative tool for the characterization of atherosclerotic lesions biochemical makeup.



METHODS


FLIm-Raman Instrumentation

The bimodal FLIm-Raman scanning fiber optic probe used to image the arterial specimens was adapted from a previously reported probe configuration, with improved fiber arrangement and distal-end optics (18, 19). Briefly, the probe consists of one central fiber surrounded by nine peripheral fibers, all 300 μm-core UV low-OH fluorine doped fused silica. The central fiber, without distal end filter, is used for FLIm excitation and collection. One of the peripheral fibers is used for Raman excitation (785 nm) and is combined with a low-pass filter to suppress background fiber signal. Another unfiltered peripheral fiber is available for FLIm for separate excitation/collection paths (unused). The seven other fibers, combined with a high-pass filter that rejects the 785 nm excitation light, are collecting the Raman signals. The distal end optic consists of a 2 mm diameter 0.2 NA lithium doped GRIN lens, suitable for use in combination with 355 nm FLIm excitation. The working distance of the probe was determined experimentally at 1–1.5 mm for Raman and FLIm.

The Raman light source consists of a 785 nm multimode laser [0811A100-B model/Ocean optics (Innovative Photonic solutions)]; the output power at the end of the probe was set at 93 mW. The collection fibers were connected to a Raman spectrometer (LS785, Princeton Instruments) with a reflective grating (830 grooves/mm, Princeton Instruments) and equipped with front illuminated CCD open electrode camera (PIXIS-256B Princeton Instruments). Detection was performed using a thermoelectrically cooled detector at −70°C, with 1 s exposure time and 10 accumulations per measurement point. The spectral range was 200–3,500 cm−1 with a spectral resolution of about 15 cm−1.

FLIm was performed using a pulse sampling setup developed by our group (20). This instrument enables the collection of entire fluorescence decay measurements over four different wavelength channels from each excitation pulse. The excitation was generated using a Nd:YAG microchip Q-switched laser frequency tripled to 355 nm (Teem Photonics, France) with an externally controlled repetition rate of 4 kHz and a pulse energy of ~1.23 μJ. The central wavelength and spectral widths of the instrument channels are determined by a series of dichroic mirrors and bandpass filters and are defined as follows: 387/35 nm (CH1), 443/29 nm (CH2), 546/38 nm (CH3), and 628/53 nm (CH4) and are comparable to spectral bands used for previous studies (6, 19, 21). A temporal multiplexing scheme using different lengths of delay fibers (1/13/25/37 m) is used so that the contributions from each channel are delayed in time (60 ns increment), thus enabling the use of a single photodetector (Microchannel plate photomultiplier tube, R3809U-50, Hamamatsu, JP), amplifier (AM-1607-3000, Miteq Inc., USA) and high-speed digitizer (12.5 GS/s, 3 GHz, PXIe-5185, National Instruments, TX). To improve signal to noise ratio, 64 waveforms were acquired and averaged for each sample location.



Data Acquisition

The bimodal fiber probe enables the simultaneous acquisition of FLIm and Raman data, but their respective acquisition speeds are very different (0.016 s/point for FLIm, 10 s/point for Raman). Therefore, the imaging sequence was implemented as follows. The combined FLIm–Raman probe was mounted on a 3D X-Y-Z translational stage (PROmech LP28, Parker, Charlotte, NC) used to scan the sample in a grid pattern with a step size of 250 μm × 250 μm. A raster scan of the whole sample was performed with FLIm (typical duration: 1–2 min). Based on reconstructed 2D FLIm images, 19 regions of interest (ROI) characterized by various by lifetime levels in CH1, CH2, and CH3 of the instrument were selected for interrogation using RS. Raman data acquisition was performed using the same 250 μm × 250 μm spatial sampling.



Sample Preparation, Imaging, Histology

Six human coronary artery samples were obtained from the University of Pennsylvania heart transplant in compliance with current legal requirements and guidelines and was under approval by the University of Pennsylvania Hospital Institutional Review Board as well as UC Davis Biological Use Authorization. Prospective informed consent for research use of heart tissue was obtained from all transplant recipients and next-of-kin in the case of organ donors. Coronary artery samples were harvested from hearts, chilled in isopentane, frozen in liquid nitrogen and stored at −80°C. Before imaging, each sample was thawed, and dissected longitudinally to expose the lumen. The samples were then sutured on a calcium fluoride slide to flatten the lumen surface and prevent tissue motion. Imaging was performed at room temperature and samples were kept hydrated using phosphate buffer saline solution. The entire surface of samples was imaged using FLIm, and 7,291 Raman spectra were collected from the 19 ROIs.

After imaging, the specimens still mounted on the holders were fixed in 10% buffered formalin. Histology processing was performed at the Texas Heart Institute (Houston, TX). Samples were first imaged using high resolution planar X-ray (Faxitron MX-20, Lincolnshire, IL). Samples were then decalcified, sliced in locations corresponding to FLIm-Raman scans, paraffin embedded, and sectioned (Supplemental Figures 1, 2). Staining using hematoxylin and eosin (H&E) and Movat's pentachrome were performed to visualize plaque constituents. Immunohistochemical staining with CD68 was performed to visualize the presence of macrophage foam cells (mFC). Registration of imaging data with histology is performed based on sample outline and gross sectioning locations (Supplemental Figures 1, 2).



Data Analysis

FLIm data were processed using a method previously reported by our group that enables fast and robust estimation of fluorescence decay parameters technique (22). Briefly, the fiber probe background was subtracted from the acquired waveform, and the contribution from each channel was separated and processed independently. A constrained least-square expansion technique using a set of Laguerre basis functions was used to obtain tissue fluorescence decays, from which average lifetimes were extracted for each point measurement and each channel of the instrument. En face FLIm images were reconstructed based on raster scanning parameters. CH4 (628 nm) signal was characterized by a low signal to noise ratio (mean SNR = 20.6 dB) due to weak fluorescence emission in that spectral range and was therefore not included in the analysis.

Histology registration with imaging data was performed based on gross sectioning location. In several sections, calcification visible in histological sections (L2/L4/L5/L9), as well as planar X-rays of the samples, enabled further confirmation of the histology sections location with respect to spectroscopic imaging data.

Raman signal recorded from the samples presented an autofluorescence background as well as etaloning artifacts from the CCD. Raman data were processed as follows. A wavenumber calibration was performed based on spectra from a reference sample (paracetamol) (23). A baseline correction to remove the autofluorescence contribution was performed using a sensitive non-linear iterative peak algorithm (SNIP) (24). Spectra were truncated to the 650–1,800 cm−1 wavenumber range and a vector normalization was applied. Etaloning artifacts were removed by reconstructing the spectra from the subset of first 10 artifact-free principal components. Finally, an endmember decomposition was performed with various numbers of endmembers (n = 3–10) using the unmixR package in R (25). The residual error sum of square (RESS) was computed, for an increasing number of endmembers, by reconstructing all acquired spectra as a linear combination of the endmembers and comparing the reconstructed spectra with the original data. Increasing the number of endmembers up to seven leads to a large reduction in the RESS, whereas additional endmembers beyond seven do not provide a noticeable reduction in RESS, therefore a number of 7 endmembers was retained for the rest of the study (Figure 1). In addition to the endmember determination based on a qualitative assessment of RESS improvement, it was observed that an 8-endmember decomposition led to two endmembers with very similar spectral shapes, and thus did not enable the identification of additional tissue components.


[image: Figure 1]
FIGURE 1. Residual error sum of squares (RESS) for Raman data reconstructed with increasing number of endmembers (n = 3–10). Seven endmembers enable accurate reconstruction of the data.


For each measurement point of the Raman ROIs, a high number of parameters were available (average lifetime for each FLIm spectral band, intensity for each Raman wavenumber). The relationship between variations of fluorescence lifetime values for each spectral channel and variations of Raman spectral features was investigated using linear regression analysis (26). It is expected that RS provides more information about the samples, and in order to investigate which species are likely to generate FLIm contrast, a regression model predicting Raman intensity based on FLIm information was computed.

As a first step, multicollinearity of FLIm lifetimes across the different wavebands was evaluated by computing the coefficient of multiple determination obtained by regressing the lifetime of each FLIm spectral band on the lifetimes of the other two channels. The highest value was obtained for CH2 (R2 = 0.89), so this band was excluded from the analysis (Figure 2). The coefficient of multiple determination computed between the LT1 (CH1 lifetime) and LT3 (CH3 lifetime) was low (R2 = 0.16) so collinearity between lifetime parameters derived from these two spectral bands was not an issue and interpretation of the regression vectors was meaningful (27).


[image: Figure 2]
FIGURE 2. Four hundred forty-three nanometers lifetime was accurately predicted (R2 = 0.89) from 387 to 546 nm lifetimes using a multivariable linear model. It was therefore not considered for the rest of the analysis.


The relationship between the FLIm and Raman datasets was investigated by applying a multivariate multiple linear regression model (26), using LT1 and LT3 as independent variables, and the Raman intensities for each wavenumber y as dependent variable, per Equation (1):
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Where i is one of the 7,291 measurements, k is one of the 428 wavenumbers of the Raman spectra in the fingerprint region, and ε is an error term.

The regression model can be expressed in matrix form:

[image: image]

Y is the 7,291 × 428 response matrix and consists of the Raman intensity for each measured location and wavenumber. X is the design matrix and consists of a column of ones and the LT1 and LT3 for each measured location. β is the 3 × 428 matrix of coefficients where the first row is the y-intercept and the 2nd and 3rd rows correspond to the expected changes in Raman spectra per unit of change in LT1 and LT3, respectively. For simplification, the regression was performed on the centered FLIm variables. In that case, the y-intercept (offset) is the mean of the data. A cross validation scheme where each ROI was left out of the analysis was used. The matrix of coefficients [image: image] was estimated using an ordinary multivariate normal maximum likelihood estimation using Matlab (2019a, Mathworks, Natick, MA) excluding, in turn, data from a single ROI. The regression model was then used to predict Raman intensities from that ROI (Figure 6). Mean and standard deviations of the regression vectors computed for each cross validation were computed (Figure 6).

The Raman bands that correlate most with lifetime parameters were determined by computing the fitted Raman spectra:

[image: image]

Where Ŷ = (ŷi 1, …ŷik, …, ŷi 428) correspond to the predicted Raman intensities for each point measurement.

The coefficient of multiple determination R[image: image], which corresponds to the ratios of regression sum of square divided by the total sum of squares, is computed for each wavenumber k according to Equation (4):

[image: image]

Where n is the number of point measurements, and yk is the average of the measured Raman intensities for the kth wavenumber.

The coefficient of multiple determination, represented as a function of wavenumber, allowed the identification of regions of the spectra that demonstrated the highest correlations with variations in fluorescence lifetime (Figure 6).

To better identify which Raman spectral band correlated the most each lifetime parameter, a single parameter prediction based on the model identified above was performed, using in turn only one measured lifetime parameter while fixing the other lifetime parameter. LT1 prediction was assessed by replacing the observed LT3 values in the design matrix by their average value and computing the corresponding fitted Raman spectra and coefficient of determinations using (Equations 3, 4). LT3 prediction was assessed by computing the coefficient of determination when replacing the LT1 values in the design matrix by an average value (Figure 6).

Finally, the measurement points were partitioned in four subsets based on LT1 and LT3 values (above or below 4 ns), and the average Raman spectra of each subset were plotted to confirm the differences identified using the method described above (Figure 7).




RESULTS


FLIm

FLIm 2D maps of LT1 and LT3 illustrate the strong contrast observed from different regions of diseased vessel. Representative results from two samples are depicted in Figure 3, and more detailed presentation of histological findings is available in the Supplemental Section. Movat's pentachrome stained sections highlight that LT1 was only increasing in presence of intimal thickening. However, we observed that some locations characterized by a thickened intima do not present increased LT1 (e.g., the fibrocalcific lesions on the left side of ROI2 corresponding to sections L4 and L5). Many molecular species (e.g., some lipids, collagen, and elastin) present emission in the near-UV/blue regions (6, 10) and may cause the observed LT1 variations. The increase of LT3 was associated to the presence of mFCs as confirmed by CD68 stained sections. Another contributor of increased LT3 was perivascular adipose tissue. The penetration depth of FLIm excitation is limited, therefore perivascular adipocytes are not visible through the intima, but the adipocytes signature can be readily identified at the edges of the samples.


[image: Figure 3]
FIGURE 3. En face FLIm maps of LT1 (387/35 nm lifetime) and LT3 (546/38 nm lifetime) for two samples illustrate the strong lifetime variations in both channels. ROI 1–4 correspond to locations where both FLIm and Raman data were acquired. Planar X-ray highlights calcification location. Histology sections (L1–L11) were positioned based on gross sectioning location and presence of calcification. Increase of LT1 was always observed in combination with intimal thickening, but some locations presented a thick intima without corresponding increase in lifetime (L4, L5, left side of ROI2). The source of LT1 was investigated in combination with Raman spectroscopy in the next section. LT3 corresponded to presence of superficial mFC, visible from the CD68 stained sections (marked with *).




Raman Spectroscopy

Raman spectra obtained for individual locations were affected by noise despite the extended exposure time, limiting the ability to identify spectral features from single spectral measurements. Using the endmember technique reported here, it was possible to mitigate this limitation by expressing each measurement as a linear combination of the endmembers, and therefore extract robust compositional information at each location. Identification of species contributing to each endmember was performed based on known emission bands (16, 28, 29) of species expected in atherosclerotic lesions, combined with spatial information. Four endmembers relate to the actual lesion: collagen, calcification, triglycerides and cholesterol/carotene (Figure 4).


[image: Figure 4]
FIGURE 4. Raman spectra of endmembers. Endmember decomposition was consistent with species expected from atherosclerotic lesions, and other elements present in the field of view [1, collagen; 2, calcification; 3, quartz (probe: fiber optic, distal lens); 4, lipid rich (unsaturated triglycerides); 5, cholesterol/ carotene rich; 6, collagen/ fiber background; and 7, suture thread].


The advantage of the endmember identification technique is illustrated by the comparison of direct mapping of the 960 cm−1 hydroxyapatite peak intensity compared with mapping of the “calcification” endmember abundance (Figure 5) for a region that presents two small calcification areas. The endmember map demonstrated better quantification with negligible contribution of calcification over the rest of the field of view, whereas the band intensity image presented an elevated background. Mapping of the locations of triglycerides and Cholesterol/Carotene endmembers highlights the differences in their spatial distribution (Figure 5).


[image: Figure 5]
FIGURE 5. Raman hydroxyapatite band intensity map (960 cm−1) compared with “Calcification” endmember abundance map for ROI4 and ground truth location of calcifications obtained from planar X-ray. The two small calcifications are easily visible with both methods. The endmember image correctly shows no signature from calcifications over the rest of the sample, whereas the intensity image shows elevated background (upper panel). In ROI3, the color image represents the abundance of endmembers 4 (“triglycerides,” red) and 5 (“cholesterol/carotene,” green). Two distinct locations present an abundance of the “triglycerides” endmember. The lower spot corresponds to perivascular adipose tissue, rich in triglycerides, exposed at the edge of the sample, easily identified in the white light image, and lost during histology processing (location marked as *). The upper area corresponds to a diffuse intimal thickening region where perivascular adipose tissue contributes to the Raman signature due to the reduced wall thickness. In between, the region of predominant cholesterol/Carotene signature overlaps with the lesion location (lower panel).




Combined FLIm-Raman

Figure 6 summarizes the findings from the multiple regression analysis. The regression coefficient vectors represented expected variations of Raman intensities from the average spectrum, for respective unitary increases of LT1 and LT3. Low values for a given wavenumber mean that the variance of the Raman data for this wavenumber was low, or that the FLIm values did not explain variations in Raman intensity. Conversely, high values of regression coefficients may only derive from high variance in the Raman data. The amount of Raman intensity variance explained by variations in fluorescence lifetime was represented by the coefficient of determination vector. Some of the Raman bands that stood out in the R2 plot corresponded to higher values in the regression vectors as well, such as bands “b/c/d/e.” Conversely, the 960 cm−1 band, linked with hydroxyapatite, presented high regression coefficient values but an R2 close to zero, highlighting that observation of the regression coefficients was not sufficient to evaluate the strength of the relationships between datasets. On the contrary, band “a” had the highest R2, and low regression coefficient values, explained by the low Raman intensity observed in this band.


[image: Figure 6]
FIGURE 6. LT1 and LT3 regression coefficient vectors are expected variations of Raman spectra for a respective unit increases of LT1 and LT3. The standard deviation of the regression vectors for each cross-validation subset is represented by the shaded area behind each curve. The offset vector of the regression is equal to the average Raman spectrum. Averaged measured Raman spectrum and modeled spectrum for diffuse intimal thickening regions (LT1 = 3 ns, LT3 = 3 ns), present few differences. Plot of coefficients of determination between measured Raman intensities and Raman intensities predicted from LT1 and LT3 (gray) demonstrates that the amount of variance that can be explained by lifetime variations varies for the different regions of the spectra: as expected, not all Raman bands can be predicted from FLIm values. Some locations show a correlation coefficient >0.3 (a, Protein/ Collagen; b, Phenylalanine/ Carotene; c/d, Carotene; e, Cholesterol; f, Ester bond). Prediction using lifetime from only one channel of the instrument (and replacing the other lifetime information by the average for the whole dataset) highlights which lifetime channel contributes most to the prediction (LT1: a/b/c/e/f). The predicted vs. measured intensities are represented for bands a/b/c/d/e/f (right panel).


The single parameter prediction highlighted that LT1 primarily explained Raman intensity changes, except for band “d” (carotene), equally split between LT1 and LT3. LT1 increase was associated with increases in Raman bands associated with carotene and cholesterol, pointing to LDL accumulation as the origin of LT1 FLIm contrast. The single fluorescence channel prediction described here is not equivalent to a linear regression using LT1 or LT3 as unique independent variable that would be subject to omitted-variable bias: a simple regression is affected by the correlation between LT1 and LT3 caused by the colocalization of different species in atherosclerotic lesions.

Plots of measured vs. predicted Raman intensities (Figure 6, right panel) illustrate the predictive value of the regression model. Raman intensities in specific bands were impacted by variations in baseline subtraction between different measurements as well as the vector normalization scheme applied here, where increased emission in one band led to a relative reduction of the other bands. Because none of these effects were modeled by FLIm, the residual variance was expected to remain high even if the underlying relationships between Raman and FLIm signature were properly identified.

Identification of the Raman bands intensity variations highly correlated with fluorescence emission properties, using the regression method described above, were confirmed by subdividing the imaging dataset based on LT1 and LT3 values (threshold: 4 ns for both bands). The findings, presented in Figure 7, confirmed the validity of the approach. Average Raman spectra for each subset presented differences in correspondence to bands a-f identified from the regression analysis.


[image: Figure 7]
FIGURE 7. Measurement points are partitioned based on LT1 and LT3 values (above or below 4 ns). The average Raman spectra of each subset present noticeable differences in bands identified from the regression analysis (a, Protein/ Collagen; b, Phenylalanine/ Carotene; c/d, Carotene; e, Cholesterol; f, Ester bond). Some of the regions where average spectra present noticeable differences (785, 960, and 1,440 cm−1), conversely, only present very weak correlation with fluorescence lifetime.





DISCUSSION

The current study demonstrated that the molecular specificity of RS allowed for the identification of molecular species and/or composite of species resulting in changes in FLIm parameters in distinct spectral bands. More specifically, fluorescence lifetime increase in the violet spectral band was linked with increase in cholesterol and carotene Raman band intensities, indicative of LDL accumulation. These findings derive from a descriptive modeling approach (30) that was for the first time adapted to the analysis of FLIm-Raman imaging data.

While the autofluorescence spectra of biological compounds found in arterial vessels have distinct spectral peak emission, their emission is typically broad. Thus, each of the four spectral channels of the FLIm system is expected to capture varying amounts of signal from distinct sets of fluorophores. The first channel (violet spectral band) presented a significant lifetime increased for areas associated with atherosclerotic plaques. Earlier studies have associated the emission in this spectral band to that of structural proteins and mainly collagen in advanced lesions (31). However, measurements of pure compounds excited by 355 nm indicate that both structural proteins as well as lipids present violet autofluorescence emission (6), therefore other species such as lipids or proteoglycans could contribute to the lifetime increase observed in the violet channel. The histological analysis of coronary specimens has indicated the presence of collagen, proteoglycans as well as extracellular lipids, thus the direct identification of the molecular specie responsible for the observed LT1 increase was not possible. The FLIm results for the third emission channel (green spectral band) were found consistent with previous reports that linked lifetime increase in this band with mFCs accumulation (6, 32). The results for the second emission channel (blue spectral band) show that for these samples, the computed lifetime is to a large extent a linear combination of the violet and green bands, leading to its exclusion from the analysis.

Analysis of Raman using an endmember extraction, in combination with histology sections, yielded results consistent with previously reported work (13, 14). The regions presenting the most triglyceride contributions are areas where perivascular adipose tissue is exposed at the edge of the sample, but also regions of minimal intimal thickening. In that latter case, the total wall thickness of ~200 μm and the large Raman cross section of lipids compared to proteins explain why the Raman signature is dominated by contributions from tissue located outside of the vessel. This association of triglycerides with perivascular adipose tissue was previously reported in the literature (13, 16). The second lipids contribution, related to cholesterol/carotene, was expressed in areas of increased intimal thickness, in agreement with earlier studies (16). Carotene presents a strong Raman cross section due to pre-resonance enhancement and is readily embedded in LDL, therefore its colocalization with cholesterol was expected. Cell studies on the tracking of LDL uptake into macrophages have taken advantage of this cholesterol/β-carotene colocalization (33). Applied in the context of biological human samples, the same cholesterol/β-carotene association highlighted LDL accumulation into the arterial wall.

The analysis of the regression model linking Raman and FLIm measurements identified a relationship between LT1 increase and accumulation of carotene and cholesterol associated with LDL accumulation in developing lesions, as well as decreased contribution from perivascular adipose tissue triglycerides, due to increased intimal thickness. Perivascular adipose tissue is beyond the penetration depth of FLIm so the main contributing factor to variations in LT1 was attributed to LDL accumulation. On the other hand, collagen signature is readily identified in the Raman data but no correlation with variations of FLIm signature was observed. As a consequence, previous FLIm studies of atherosclerosis samples corroborated with histology that had associated lifetime contrast in that wavelength band with variations in collagen content may need revisiting (13, 34). These earlier findings may have stemmed from the ubiquitous presence of collagen in atherosclerotic lesions and the difficulties in properly characterizing lipids contribution in histology studies. This new finding highlights the superior ability of RS to perform direct, quantitative, lipid profiling. Variations of LT3 presented only weak relationships with Raman features. LT3 increase derives mostly from bright ceroids autofluorescence (34, 35), present in small amount and not known to present a high Raman cross section.

The method used to identify sources of FLIm contrast is constrained by the ability of RS to detect specific molecular species. For example, the contribution to the FLIm signature of species not identified in the Raman signal, such as proteoglycans, cannot be assessed with this approach. Proteoglycans are typically co-localized with LDL accumulation (36), thus the findings reported in this study cannot exclude that the contrast observed in LT1 is caused by proteoglycan accumulation. The performance of the regression model is also limited by the characteristics of the Raman data. Raman variance is explained by variations in tissue composition, but also variations in baseline correction, influence of vector normalization, and detection noise. Therefore, values of coefficients of multiple determination (R2) observed for the regression model (<0.4) are expected, and adequate to support the findings of this descriptive study. Another confounding factor for this regression analysis is the difference in interrogated volume between FLIm and Raman. Here, 355 nm FLIm excitation is characterized by a low penetration depth in tissue, whereas 785 nm Raman excitation readily propagates in tissue up to 400–600 μm. Therefore, the contribution to the Raman signal of triglyceride in perivascular adipose tissue prevented the identification of possible triglycerides contribution within the FLIm penetration depth.

The availability of co-registered FLIm and Raman data enabled a model-based approach to the identification of relationships between FLIm and Raman variations. This approach, called descriptive modeling, is well-suited to the systematic and quantitative analysis of data consisting of a large number of variables, as is the case here. This modeling approach differs from previous comparative imaging studies reporting the combination of Raman imaging with other optical imaging modalities such as near-infrared spectroscopy, coherent anti-Stokes RS, or Fourier transform infrared spectroscopy (15–17) where the ability of each modality to identify specific components in the imaged sample was evaluated qualitatively or quantified on aggregated locations. A model-based approach, however, requires spatially co-registered datasets from both imaging modalities. Earlier comparative imaging studies using RS consisted of datasets acquired with dedicated (independent) instrumentation that differed in field of view, resolution, and/or spatial sampling, and thus were not suitable for a model-based approach. In contrast, the model-based approach described here enabled systematic and quantitative assessment of the presence of specific components. A limitation in the reported implementation is the mismatch of penetration depths of each modality, that could be addressed by matching the penetration depth of RS with the penetration depth of FLIm using a confocal probe design.

Predictive modeling approaches based on RS in combination with other analytical methods have been reported for a wide variety of applications, such as cell (37) or transcriptome (38) identification, or active pharmaceutical ingredient content quantification (39). Both predictive and descriptive modeling may rely on the same tools (e.g., multiple regression techniques), but the purpose of predictive approaches is to use high dimensional Raman data to develop non-invasive prediction models of specific phenotypes or components. The emphasis was therefore on the performance of the classifier. However, the exact identification of the Raman spectral features that allowed differentiation, a key finding of this study, was not evaluated.

In this study, FLIm and Raman modalities were integrated in a single optical fiber imaging probe. This approach presents clear advantages for accurate registration of imaging datasets, but at the expense of the optical performance for each modality. While the compact fiber optic probe design is ideally suited to contact measurements on a variety of samples, when used to image irregularly shaped samples such design leads to variations in the probe to tissue distance across the field of view. For this dataset, a percentile ratio (90/10) of ~3.3 was observed for the Raman intensity, meaning that signal collection was suboptimal in many locations. This could be addressed by performing an imaging scan where the imaging probe follows a 3D trajectory and maintains a consistent distance with tissue. Alternatively, an inverted setup, where imaging is performed through a transparent window and thus the sample to probe distance can be accurately maintained could be used (40). Ultimately, a setup able to perform FLIm-Raman imaging on thin (<100 μm) tissue sections would also present the benefit of reducing the effect of differences in penetration depths between modalities and therefore represent an ideal tool for future FLIm/Raman comparative imaging, at the expense of additional sample preparation.

Validation of a new spectroscopic imaging technique by means of co-registration with an established reference modality (e.g., Raman spectroscopy characterized by high molecular specificity) requires reduced human intervention compared to histology-based validation. Sample preparation is minimal and data analysis requires little human input beyond the initial definition of the methods. Thus, expansion to a much higher sample number can be achieved more readily than with histopathology-based validation studies where human operations in sample processing, registration, and feature extraction is a bottleneck.



CONCLUSION

The ability of FLIm to provide label-free molecular contrast with a device suitable for the acquisition of data in vivo shows potential for improved characterization of atherosclerotic lesions, but identification of specific species based on FLIm contrast alone is a challenge due to the variety of endogenous fluorophores present in diseased arteries. On the other hand, several technical challenges limit the potential of Raman spectroscopy for in vivo interrogation of the vasculature, but its high specificity enables the identification of key components of atherosclerotic lesions. By combining both approaches, we identified in ex vivo human samples that the source of fluorescence lifetime increase in the violet spectral range observed in atherosclerotic lesions, previously thought to be linked with increased collagen content, is associated with LDL accumulation. This finding illustrates that histology-based validation of imaging techniques may be complemented by a multimodal imaging approach combined with a model-based data analysis, where a high specificity spectroscopic imaging method (Raman) is used to shed light on a high speed/lower specificity modality (FLIm). A broader range of imaging validation studies may benefit from such approach, due to the ability to detect molecular species not readily identified in formalin fixed/paraffin embedded histological sections, and the availability of data analysis methods suited to the efficient analysis of co-registered multimodal imaging data. This approach is also easily scalable to the analysis of large numbers of samples as limited user input is required beyond data acquisition, a clear benefit compared to histology-based validation that relies heavily on human operations for sample preparation and feature extraction.
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Optical coherence tomography (OCT) and optical frequency domain imaging (OFDI) visualize the coronary artery wall and plaque morphology in great detail. The advent of these high-resolution intracoronary imaging modalities has propelled our understanding of coronary atherosclerosis and provided enhanced guidance for percutaneous coronary intervention. Yet, the lack of contrast between distinct tissue types and plaque compositions impedes further elucidation of the complex mechanisms that contribute to acute coronary syndrome (ACS) and hinders the prospective identification of plaques susceptible to rupture. Intravascular polarimetry with polarization-sensitive OFDI measures polarization properties of the coronary arterial wall using conventional intravascular imaging catheters. The quantitative polarization metrics display notable image contrast between several relevant coronary plaque microstructures that are difficult to identify with conventional OCT and OFDI. Tissues rich in collagen and smooth muscle cells exhibit birefringence, while lipid and macrophages cause depolarization. In this review, we describe the basic principles of intravascular polarimetry, discuss the interpretation of the polarization signatures, and outline promising avenues for future research and clinical implications.
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INTRODUCTION

Coronary artery disease is a chronic inflammatory disease that in its most fatal complication provokes acute coronary syndrome (ACS) and in the long term leads to heart failure, causing immense disease burden, and economic cost worldwide (1–3). Substantial research efforts have been devoted to prospectively identifying “vulnerable plaques” that are prone to rupture and causing ACS with the goal to improve clinical therapy (4, 5). The ability to identify thin-capped fibroatheromas (TCFAs), heralded as the archetypical vulnerable plaque, has been a driving motivation for the development of intracoronary optical coherence tomography (OCT), and optical frequency domain imaging (OFDI)1 (6). These intravascular imaging methods visualize the subsurface microstructure of the arterial wall and atherosclerotic lesions with high spatial resolution (10 μm axial; 20–40 μm lateral), using light in the near infrared wavelength range (6). Today, OCT facilitates guiding percutaneous coronary intervention (PCI) with better physiological outcomes than using coronary angiography alone (7, 8), and has been shown to assess functional stenosis severity more accurately than intravascular ultrasound (IVUS) (9).

However, the majority of TCFAs identified by OCT (10–12) or virtual-histology IVUS (13–15) do not cause any acute events, calling into question the established structural criteria of the “vulnerable plaque” (5, 16, 17). Plaque composition has been identified as an additional critical factor of a lesion's susceptibility to precipitate ACS (4, 14, 18–20). Also, it is now a well-accepted concept that plaque rupture and erosion frequently occur silently without causing clinical symptoms, emphasizing the crucial role of vascular healing in determining the fate of a lesion (1, 21). Therefore, the mechanisms that impair vascular healing are increasingly investigated to explain disease progression and the development of ACS (22–24). Following stent implantation, vascular healing and tissue response play a similar decisive role in defining the risk of stent failure and future complications (25–28). Thus, there is an urgent need for imaging methods that afford refined insight into a lesion's make-up, composition, and healing, in order to address pertinent questions regarding the pathophysiology of atherosclerosis and to ultimately improve the risk stratification and management of patients with coronary artery disease.

Near-infrared spectroscopy, near-infrared fluorescence, and photoacoustic imaging assess aspects of coronary plaque composition, but depend on integration with intracoronary OCT or IVUS for structural imaging (29, 30). This multimodality approach requires significant modifications of the imaging catheter. To benefit from existing hardware and simplify clinical translation, we have been extending the capabilities of intravascular OCT by advancing polarization sensitive (PS-) OCT (31–33). Intravascular polarimetry (IVP) with PS-OCT measures the depth-dependent polarization state of the light scattered by tissue and provides spatially resolved maps of tissue birefringence and depolarization (34–36). IVP employs existing imaging catheters and can be performed with only minor modifications of current clinical intracoronary OCT systems (34, 36). The microscopic structure and organization of the arterial wall influence the polarization of the infrared light used by OCT, providing a compelling contrast mechanism. Birefringence is elevated in tissue with fibrillar architecture, such as interstitial collagen or smooth muscle cells (SMC), which play a critical role in plaque stability and vascular healing. Microscopic PS-OCT has been used early on to leverage this contrast mechanism (37–39), and birefringence measured in human aortic plaques ex vivo positively correlated with thick collagen fibers and SMCs (39). Despite its demonstrated potential, polarimetry with catheter-based PS-OCT proved challenging because of the dynamic variation of the polarization states transmitted through the rotating catheter (40) and polarization distortions induced by system components (41). We developed a reconstruction method that mitigates the resulting artifacts (42) enabling, for the first time, measurement of depth-resolved birefringence through intravascular imaging catheters, first ex vivo (34) and then in patients (35, 43–45). Measurement of the polarization states of the light returning from the tissue also permits evaluation of depolarization (46–48). Depolarization complements birefringence and provides the polarimetric characterization of tissues rich in lipid, cholesterol crystals, and macrophages (34–36).

IVP provides quantitative metrics of tissue polarization properties measured through conventional intravascular imaging catheters. Birefringence and depolarization complement the conventional tomograms of tissue microstructure with additional insights into tissue organization and composition that are highly relevant for studying the progression of coronary atherosclerosis and stratifying the risk of individual lesions. Here, we review the basic principles, clinical translation, and future prospects of IVP, and discuss how it may help advance our understanding of coronary artery disease.



WORKING PRINCIPLE OF IVP WITH PS-OCT

Light is a transverse electromagnetic wave that oscillates in a plane orthogonal to the propagation direction of the beam. The oscillation pattern of the fields within this orthogonal plane defines the polarization state of the light, which may be altered by the optical components of the imaging system and catheter or by the vessel wall. Because the fiber-optic probe rotates inside the imaging catheter, the polarization state of the transmitted light varies dynamically. OCT measures the interference between back-reflected sample light and a reference beam, which has its own defined polarization state. Only light with identical polarization states can interfere. To ensure that the sample signal is detected independently of its specific polarization state, conventional OCT systems use two detection channels with orthogonal polarization states (Figure 1). Both the sample and the reference light are split between the two channels. The reference signal is adjusted to provide equal power in both channels and the sample light is split according to its specific polarization state. Conventional OCT tomograms combine the two polarization channels to reveal the reflection intensity as a function of depth independent of polarization effects and catheter rotation.


[image: Figure 1]
FIGURE 1. Working principle of intravascular polarimetry (IVP) with polarization-sensitive optical coherence tomography (PS-OCT). IVP is compatible with current intravascular imaging catheters and enables measurements of tissue polarization properties, together with the conventional reflection intensity. (A) The only addition to conventional OCT for enabling PS measurements is a polarization modulator that alternates the polarization state of the light incident on the tissue between depth scans. (B) Analyzing the spatial variation of the detected states allows reconstruction of birefringence (Δn) and depolarization (Dep), in addition to the conventional reflection intensity image (Int). (C–E) IVP of a lipid-rich plaque imaged in the left anterior descending coronary artery of a 75-year-old male patient. (C) Intensity (Int) of the reflection signal visualizing subsurface plaque morphology in a conventional logarithmic gray scale. (D) Birefringence (Δn) in color hue, overlaid on the reflection signal in brightness, revealing a variety of birefringence features. Birefringence is displayed only in areas of low depolarization. (E) Depolarization (Dep) in color hue, overlaid on the reflection signal, showing areas of pronounced depolarization. Reproduced from Villiger et al. (34).


PS-OCT analyzes the ratio and phase difference between the signals in the two detection channels to recover the polarization state of the detected sample light as a function of the depth it traveled into the tissue (33). To obtain a complete characterization of the polarization effects of the sample independent of the transmission through the optical fiber, fiber-based PS-OCT furthermore modulates the polarization state of the illumination between consecutive depth-scans (49), although recent work suggests that a single input state may suffice (50). Tissue with fibrillar architecture, such as interstitial collagen or layered arrays of arterial SMCs, exhibits birefringence (Δn), an optical property that results in a differential delay, or retardance, between light polarized parallel to the tissue fibrillar components and light having a perpendicular polarization. The general polarization state of the illumination is a superposition of the parallel and perpendicular components and results in a continuous change of the light's polarization state as it propagates through the birefringent tissue. The experienced retardance is strongest for fibrillar components aligned in a plane orthogonal to the probing beam's direction and vanishes for fibrous tissue that align with the beam's axis. By analyzing the rate of change of the polarization states along depth, we compute a quantitative measurement of the effective depth-resolved tissue birefringence Δn. This is achieved by using our robust reconstruction strategy (42) that mitigates artifacts (41) originating from the polarization effects of the imperfect system components.

The majority of developments in PS-OCT have been focused on employing birefringence as an additional tissue contrast mechanism. Yet, PS-OCT can also measure depolarization to complement birefringence for the polarimetric characterization of tissue (46, 47, 51). In contrast to birefringent tissue, which induces a continuous change of the polarization states along depth but maintains high correlation along the lateral directions, depolarization corresponds to a random change of the polarization states in adjacent resolution volumes along all spatial directions. Depolarization is caused by multiple scattering of light, or by randomly oriented structures with polarization-dependent scattering, as caused by lipid droplets that exceed the size of the wavelength used for OCT or small cholesterol crystals, respectively. Hence, in atherosclerotic tissues, depolarization is observed in plaque regions that are rich in lipid, cholesterol crystals, or macrophages. Depolarization evaluates this randomness in a small neighborhood around each pixel as the ratio of the depolarized signal intensity to the total signal intensity, corresponding to 1 minus the degree of polarization (34, 48). Depolarization ranges from 0 for completely polarized light without any randomness to 1 for completely random polarization states. In addition to tissue-induced depolarization, regions where the OCT signal falls to the noise floor also appear depolarizing, requiring special consideration when interpreting the depolarization signal.

Displaying both the conventional and polarization channels available to IVP can be conveniently achieved using a color map that encodes the polarization metric as color hue and the conventional reflection signal as brightness. In all figures throughout this review, color maps display the range of 0-1.8 × 10−3 for birefringence, and 0-0.5 for depolarization (Figure 1). Given that the randomization of the polarization states frustrates a reliable measure of tissue birefringence, we display the conventional grayscale reflection tomogram in areas of increased depolarization in the birefringence maps.



CHARACTERIZATION OF PLAQUE MICROSTRUCTURES WITH IVP

Birefringence and depolarization are polarization metrics that enable quantitative analysis of intrinsic optical tissue properties related to the composition of coronary plaques. In order to identify the respective tissue components that cause observable polarization effects, we compared polarization properties measured with IVP in human cadaveric coronary arteries with matching histology (34). Birefringence maps reinforce several features that are already discernible in the OCT intensity image. As shown in Figure 1, the tunica media appears as a pinkish band with high birefringence, frequently bordered by fine yellow lines of low birefringence at the locations of the internal and external elastic laminae. Conventional OCT images, in comparison, show less pronounced contrast between the intima and the tunica media. Furthermore, fibrous tissue often exhibits heterogeneous birefringence maps across layers that appear homogeneous in the OCT intensity images. In Figure 1D, the fibrous cap features heterogeneous birefringence in the region of 9–12 o'clock. The depolarization map reveals low depolarization throughout the full thickness of the vessel wall in areas of adaptive intimal thickening, and abrupt strong depolarization in the lipid-rich area below the fibrous cap.

Figure 2 displays polarization features of several coronary plaque components along with matching histology, as well as measurements of polarization properties of individual tissue types [from (34)]. Quantitative analysis of segmented tissue types revealed the highest birefringence in the tunica media, followed by intimal regions containing fibrous tissue (Figure 2F). Consistent with a previous microscopic PS-OCT study (39), these observations suggest that collagen content and SMCs are the main source of the birefringence measured with IVP.


[image: Figure 2]
FIGURE 2. Distinct polarization features of atherosclerotic human coronary arteries ex vivo. IVP of (A1–E1) normal artery, (A2–E2) fibroatheroma, (A3–E3) fibrocalcific plaque, (A4–E4) cholesterol crystals, and (A5–E5) macrophages, with matching histology. (F) Median and quartile birefringence (Δn) values in regions with depolarization <0.2 across tissue types. (G) Median and quartile depolarization (Dep) values across tissue types. Scale bar, 1 mm. Int, intensity; Δn, birefringence; Dep, depolarization; Tri, trichrome staining; PSR, Picrosirius red staining; In (F), Int, intima; Fib, fibrous tissue; Med, tunica media; Early, early lesions with dispersed lipid; Adv, advanced lesions with lipid pools or necrotic core; Calc, calcifications. Adapted from Villiger et al. (34) and Otsuka et al. (36).


The highest depolarization was observed in segmented tissue corresponding to advanced lesions with a lipid/necrotic core (Figure 2G). Whereas conventional OCT lacks the ability to identify the presence of a necrotic core, and hence to differentiate between fibroatheroma and pathological intimal thickening (52, 53), depolarization offers additional insight that may enable diagnosis of fibroatheromas containing necrotic cores. In addition to the tissues and plaque components already discussed, Figure 2 also shows examples of the IVP signatures of a calcification, cholesterol crystals (CCs), and macrophage accumulations. The OCT intensity image depicts calcifications as signal poor or heterogeneous regions with sharply delineated borders (54), while their birefringence is generally lower and the depolarization slightly higher than in fibrous tissue (A3–E3 in Figure 2). However, their polarization properties also depend on the presence of lipid in the surrounding tissue. Clinical studies have demonstrated that CCs identified by conventional OCT are related to coronary plaque vulnerability in patients (55–58). CCs appear as thin, linear regions of high intensity signal, usually found in the fibrous cap or even within the necrotic core (54). Confusion of CCs with microcalcifications, however, is possible, since they can cause similar reflection signals (59). Consistent with the known birefringence property and dimensions of CCs, plaque regions containing small disordered CCs depolarize and areas with larger or aligned CCs additionally cause a birefringence signature (34) (A4–E4 in Figure 2). IVP may, therefore, improve the objective identification of CCs. In conventional OCT images, macrophage infiltration in the fibrous cap causes confluent punctate regions or signal-rich, distinct, and bright spots that exceed the intensity of background speckle noise (54, 59). With IVP, subtle depolarization was additionally observed in superficial regions infiltrated by macrophages (A5–E5 in Figure 2), which may help to automatically detect and quantify the presence of macrophages.



IN VIVO REPEATABILITY OF IVP

We conducted the first-in-man pilot study of IVP at the Erasmus University Medical Center, the Netherlands, to investigate the robustness of IVP in a clinical setting. The quantitative metrics for tissue characterization provided by IVP are only meaningful if they can be evaluated repeatedly and robustly in the coronary arterial wall in patients. IVP employs commercialized OFDI catheters (FastView™, Terumo Corp., Tokyo, Japan) in combination with a custom console and the imaging procedure is identical to that using a conventional OFDI system (35, 43). To evaluate the reproducibility of the conventional backscatter intensity, the birefringence, and the depolarization signals, we compared each spatial location of 274 matching cross-sectional images among repeated pullbacks imaged in the coronary arteries of 30 patients (44). Bland-Altman analysis demonstrated best agreement for birefringence, followed by backscatter intensity, and depolarization. Pearson's correlation analysis confirmed highest correlation for birefringence (r = 0.86), preceding backscatter intensity (r = 0.83), and depolarization (r = 0.78). This finding confirmed that IVP provides reliable and repeatable measurement of tissue birefringence and depolarization through rotating catheters in a clinical setting and can serve for studying the polarization properties of coronary atherosclerosis in patients.



IVP OF CORONARY PLAQUES IN PATIENTS

Motivated by the robust results of IVP measurements in a clinical setting, we investigated the quantitative polarization features of different plaque types, classified using the conventional OCT morphological appearance, among the plaques found in 30 patients with ACS (n = 12) and stable angina pectoris (SAP, n = 18) (35). Coronary plaques with a greater lipid content featured reduced birefringence and pronounced depolarization. We also further investigated the polarization features of coronary calcification measured with IVP. Calcification of the coronary artery has been shown to serve as a robust surrogate marker of coronary risk and is related to disease burden of coronary atherosclerosis (60–63). The presence of spotty calcification in coronary atheromatous plaques has been shown to be associated with the high-risk plaque morphology responsible for ACS (60, 62), while dense calcification appeared as a marker of lesion stability (61). Figure 3 shows IVP of two examples of intimal calcification together with the results from investigating all encountered calcifications within the analyzed cross-sections imaged in the 30 patients. In this sub-analysis, we observed that calcifications in fibrous regions featured lower birefringence compared to those in lipid-rich regions (p < 0.001). Although the possible clinical implication of the polarization features within calcifications measured with IVP remains unknown, we anticipate that IVP will provide further insight into the association of calcification and plaque stability.
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FIGURE 3. Polarization properties of calcification. Median birefringence and depolarization were measured in calcified areas, manually segmented in the intensity images. Segmented areas were classified according to the presence or absence of lipid in the surrounding lesion (calcification within fibrous tissue or calcification within lipid). (A1–A4) IVP of calcification in fibrous tissue and segmentation of the calcified area. (B1–B4) Calcification in lipid-rich tissue. (C) Calcified areas in fibrous tissue exhibit lower birefringence than those in lipid-rich lesions (p < 0.001). (D) Higher depolarization was observed in calcified areas in lipid-rich tissue than in those located in fibrous tissue (p < 0.001). Adapted from Otsuka et al. (35).


Collagen is an extracellular matrix protein mainly synthesized by arterial SMC. Thick collagen fibers are known to impart mechanical integrity to fibrous caps (64). Collagen degradation by matrix-metalloproteinases plays a pivotal role in plaque destabilization (1). Because collagen is birefringent, evaluating birefringence can serve as unique metric for studying fibrous cap stability. In the first-in-human study of IVP, we further compared the polarization signatures measured locally in the fibrous caps of culprit lesions between patients with ACS and/or plaque rupture (PR) and patients with SAP (35). Figure 4 shows a representative IVP image of both categories and the comparison of the polarization properties measured across all fibrous caps in patients with ACS/PR and SAP. The fibrous caps in ACS/PR patients featured significantly lower birefringence than those in SAP patients (35). Based on previous observations from a microscopic PS-OCT study on human aortic plaques ex vivo (39), our observation is consistent with a lack of thick collagen fibers or layered arrays of SMCs in ACS/PR fibrous caps. Further research is warranted to investigate how fibrous cap birefringence influences the biomechanical factors that are associated with plaque rupture and subsequent thrombosis (65, 66). Furthermore, inflammatory activity mainly caused by macrophages contributes to the thinning of the fibrous cap covering a necrotic core and to precipitating plaque rupture (21, 67, 68). In a focal analysis of the thinnest part of the fibrous caps, we found that depolarization correlated positively with normalized standard deviation, a metric based on the reflection intensity signal that has been shown to indicate macrophage accumulation (69–71). Depolarization may help to improve identification of local macrophage accumulation within the fibrous caps and also to automatically delimit the cap border. This may provide robust assessment of fibrous cap thickness without discordance between observers. Despite the promise of the observations with IVP, it should be noted that the influence of microcalcifications on the polarization features as well as their appearance in conventional OCT remain unknown (54, 59). We speculate that the presence of microcalcifications causes a reduction of birefringence in fibrous caps, similar to a lack of well-organized collagen or SMCs. Combination of Micro-OCT imaging (72, 73) with polarimetry may help elucidate the influence of microcalcifications on the polarimetric signatures of coronary plaques.
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FIGURE 4. Polarization features of fibrous caps of culprit lesions in ACS and SAP patients. (A1–A3) IVP of the culprit lesion in a patient with ACS. (B1–B3) IVP of the target lesion in a patient with SAP. (C,D) Comparison of mean birefringence and depolarization measured in the segmented fibrous caps between patients with ACS/PR and SAP. Fibrous caps in ACS/PR patients featured significantly lower birefringence compared to those in SAP patients. ACS, acute coronary syndrome; IVP, intravascular polarimetry; PR, plaque rupture; SAP, stable angina pectoris. Reproduced from Otsuka et al. (35, 36).


Although plaque erosion remains challenging to diagnose in vivo with OCT, its apparent prevalence in autopsy studies has motivated clinical research focused on studying its pathobiology and on improving therapeutic strategies for patients with ACS caused by this second most common mechanism of coronary thrombosis (68, 74). According to histopathological findings, eroded plaques feature negatively remodeled lesions with SMCs embedded in a proteoglycan-rich extracellular matrix consisting of collagen type III, hyaluronan, and versican (17). While the presence of fibrillar collagen type III may contribute to birefringence, in the IVP pilot study, we observed that fibrous caps of patients with plaque rupture and non-rupture ACS exhibited lower birefringence than those of patients with SAP. Further research is needed to better understand whether IVP may be able to provide additional insights into the mechanisms of ACS caused by plaque erosion.



POLARIZATION SIGNATURES OF ACUTE AND ORGANIZING THROMBUS

Conventional OCT enables the discrimination between white and red acute thrombus based on the attenuation of the intensity signal (Figures 5A1,B1). White, platelet-rich thrombus causes little backscattering and appears homogeneous with low signal attenuation (Figure 5A1), while red thrombus, mainly composed of erythrocytes, is strongly backscattering with a high signal attenuation (Figure 5B1) (54). In the study population of the first-in-human pilot study of IVP, we observed that white thrombus displayed low birefringence and depolarization (Figures 5A2,A3) (35), but did not encounter any red thrombus. In the second pilot study of IVP at the Erasmus University Medical Center (POLARIS-I registry), we observed a few red thrombi in the culprit lesions of ACS patients. In the limited number of examples, red thrombus exhibited low birefringence. The apparent increase in depolarization along depth is likely an artifact caused by the rapid decline of the intensity signal along depth within red thrombus (Figure 5B3). In the same patient pool, we imaged a suspected culprit vessel of a 69-year-old female patient presenting with non-ST-segment elevation myocardial infarction several days after onset of intermittent chest pain (45). The OCT intensity image revealed honeycomb-like structures in the culprit lesion, which is a well-known OCT-specific feature of recanalization in organized thrombus or chronic total occlusion (26). IVP revealed high birefringence in the honeycomb-like structures (45), suggesting the presence of collagen and SMCs, which should be expected for organizing and healing thrombus.
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FIGURE 5. IVP of thrombi in patients with ACS. (A1–A3) White thrombus (white arrow) attached to the luminal surface, exhibiting homogeneous backscattering and low attenuation (A1), paired with low birefringence (A2) and low depolarization (A3). (B1–B3) Red thrombus (red arrow) protruding into the lumen, featuring high backscattering, and attenuation (B1), together with relatively low birefringence (B2) and gradually increasing depolarization (B3). IVP, intravascular polarimetry.


Extensive research has focused on the mechanisms underlying rapid progression of coronary artery stenosis (22). This is important for the identification of patients at higher risk of coronary ischemic or thrombotic events. It is now widely accepted that only a minority of plaque ruptures and erosions progress to ACS with clinical manifestation. Subsequent thrombus formation and organization, in which the intimal microvasculature plays a pivotal role, are key to understanding the mechanisms of successful or failed vascular healing (24). In a recent ex vivo study investigating the accuracy of OCT for diagnosing healed ruptured plaques, Shimokado et al. proposed the presence of layered structures in the conventional OCT intensity signal as a predictor of histologically determined healed ruptures of coronary plaques (75). Furthermore, clinical studies have demonstrated that layered structure in superficial plaques identified by OCT are associated with plaque vulnerability or rapid progression of coronary artery stenosis (10, 76), although there remains some controversy and another study found similar features to indicate enhanced plaque stability (23). Despite the importance of assessing the healing process of coronary thrombus, the conventional OCT intensity image provides limited insight into the process of thrombus organization. The polarization signatures measured with IVP have the potential to characterize the thrombus organization and healing process, since the deposition of collagen type III and later replacement with collagen type I should result in a change in birefringence (23, 77, 78). Assessment of coronary atherosclerosis with IVP in vivo may help investigate the mechanisms of impaired vascular healing that lead to ACS.



POLARIZATION SIGNATURES OF TISSUE RESPONSE AFTER STENT IMPLANTATION

The high-resolution of OCT provides detailed visualization of the tissue response to stent implantation, together with the assessment of stent apposition and expansion (79, 80). In addition to the plaque morphology before stent implantation, post-stent OCT features including stent-edge dissection, in-stent thrombus, and protrusion have been shown to be associated with peri-procedural myocardial injury/infarction (58, 81–83) and long-term device-oriented coronary events (84). Figure 6 shows pre- and post-stent IVP images of the culprit lesion in a non-ST-segment elevation myocardial infarction patient. The intensity image visualizes tissue protrusion or prolapse (white arrowhead in Figure 6B4) and in-stent thrombus formation (yellow arrow heads in magnified view of Figure 6B4). The IVP image complements the intensity appearance of the in-stent thrombus with low birefringence and depolarization, which is, to the best of our knowledge, the typical IVP appearance of white thrombus. In comparison, the prolapsed tissue contains an area of increased birefringence. Given the additional tissue contrast provided by IVP, it may help to reduce the discordance in image interpretation between observers and may also offer additional insight into the vascular injury and the ensuing healing process of the coronary arterial wall related to stent implantation.
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FIGURE 6. Polarization features pre- and post-stent implantation in the culprit lesion of a patient with non-ST-elevation myocardial infarction. Broken lines in (A1–A3) and (B1–B3) indicate magnified views shown in (A4–A6) and (B4–B6), respectively. (A1,A4) IVP of the culprit lesion showing a lipid-rich plaque with calcification at 7 o'clock (A2, A5) Birefringence image reveals highly birefringent tissues from 3 to 6 o'clock within the fibrous cap, suggesting well-organized fibrous tissues. (B1–B6) Post-stent IVP of the culprit lesion. (B1,B4) The reflection intensity images visualize tissue protrusion or prolapse (white arrowhead) and in-stent thrombus formation (yellow arrowheads). IVP clearly reveals in-stent thrombus showing low birefringence and low depolarization, which is the typical IVP appearance of white thrombus (B2,B5). Scale bars indicate 1 mm. IVP, intravascular polarimetry.


Long-term vascular tissue response to stent implantation is of importance for assessing the risk of stent failure, such as in-stent restenosis and stent thrombosis (25, 85, 86). In a swine study investigating vascular response to bioresorbable vascular scaffold implantation, polarization properties measured with PS-OCT reflected tissue organization and inflammation within the neointima (87). Figure 7 shows several examples of IVP cross-sections in previously stented coronary arteries encountered in the patient cohorts of our pilot studies. Compared to native intima (Figure 7A2) it could be expected that the early neointima in drug-eluting stents exhibits lower birefringence (B2, C2, and D2 in Figure 7), owing to a drug-induced suppression of collagen content and SMCs (88). In contrast, the late neointima (7 years after stent implantation, Figure 7H2) shows relatively higher birefringence which is comparable to that of native plaques (Figure 7E2). A recent study conducted by Suna et al. demonstrated that aggrecan, a major extracellular matrix component of cartilaginous tissues that confers resistance to compression, plays a critical role in arterial remodeling after the implantation of drug-eluting stents (DES) (89). Furthermore, the same study showed that the extracellular matrix of the neointima within DES contained less collagen type I, III, and V than the neointima in bare metal stents (89). These findings offer a plausible explanation for the IVP appearance of early neointimal tissues in Figure 7, featuring very low birefringence. In addition, neoatherosclerosis (Figures 7F2,G2) features a layered pattern with relatively low birefringence. Histopathological studies have demonstrated that ECM deposition and migration of SMC contribute to the healing of thrombus and may result in rapid progression of luminal narrowing leading to ISR (25). Similar to native coronary atherosclerosis, assessing tissue composition with IVP may provide insight into the failure of vascular healing also after stent implantation.
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FIGURE 7. Distinct polarization features of neointima and neoatherosclerosis. (A–D) IVP of a coronary artery 3 months after everolimus-eluting stent implantation. (A1) Native fibro-calcified plaque proximal of the stented segment. (B1–D1) The intensity images within the stented area show early neointima with high (B1) to low (D1) intensity signal. (B2–D2) Birefringence images reveal that early neointima exhibits low birefringence compared to that of the underlying native lesion. (B3–D3) Depolarization in early neointimal tissues remains low. (E–H) IVP of a coronary artery 7 years after paclitaxel-eluting stent implantation. (F1) Native fibro-calcified plaque proximal of the stented segment. (F1,G1) The intensity images show neoatherosclerosis featuring calcification, macrophage accumulation, and layered structure. (F2,G2) Birefringence images reveal lowly birefringent layered structures close to the surface of the arterial lumen. The layered structure in (G2) exhibits lower birefringence compared to the underlying neoatherosclerotic region. (F3,G3) Macrophage accumulations within neoatherosclerosis cause pronounced depolarization. (H2) The birefringence image of the late neointima without neoatherosclerosis reveals relatively high birefringence, comparable to that of underlying native plaque and the native plaque proximal of the stented segment (E2).


While birefringence serves as a marker of the presence of collagen content and SMCs, depolarization corresponds to the presence of macrophage accumulation and the presence of a lipid/necrotic core (34, 36). Neoatherosclerosis is characterized by the presence of lipid-laden macrophages (85) and depolarization may offer a convenient quantitative metric for its identification (Figures 7F2,G2). We anticipate that IVP will advance our understanding of neoatherosclerosis and stent thrombosis, which in turn could improve the risk assessment and patient prognosis in a more personalized and precise manner.



FUTURE PERSPECTIVES

Additional histopathological studies will be needed to clarify in more detail the tissue and plaque morphology that underlies the observed polarization features and improve the interpretation of the quantitative polarization metrics. For instance, investigation of the mechanisms causing depolarization in lipid-rich and necrotic core material may offer a differentiating feature to enable accurate identification of fibroatheromas. Toward a similar goal, the combined use of IVUS and OCT has been shown to offer more accurate diagnosis of TCFAs than each modality alone (52, 90). A single catheter that integrates IVUS and OCT provides intrinsically co-registered cross-sectional images from both modalities (91–93). Combination of IVUS and IVP would be feasible using the same dual-modality catheters and offer the advantages of visualizing the entire lesion-depth with IVUS and more superficial fine structural details with OCT, together with the improved tissue characterization of IVP. Another strategy toward increased compositional sensitivity could be to combine polarization analysis with detecting spectral absorption features that have been shown to help in the detection of lipid (94–96).

In a further development, we extended our reconstruction method to obtain not only the scalar amount of birefringence, but also its optic axis orientation as a function of depth in the vessel wall (97). The optic axis indicates the physical orientation of the fibrillar tissue structures giving rise to birefringence. More specifically, the optic axis orientation indicates the azimuthal direction of the fibrillar components, i.e., the orientation of their projection into a plane orthogonal to the beam axis. While the measured birefringence depends on the alignment of the fibrillar components with the beam direction, the full three-dimensional orientation of the fiber orientation cannot currently be recovered. Conveniently, in the arterial wall of coronary arteries the fibrillar tissue components can be assumed to be naturally oriented quite orthogonal to the OCT probing beam. As shown in Figure 8, the optic axis of fibrous tissues within the intima corresponding to adaptive intimal thickening aligns longitudinally along the vessel direction, while the tunica media features circumferential orientation. In advanced atherosclerotic lesions, the optic axis orientation frequently revealed distinct tissue layers that appear continuous in conventional OCT images and that also feature remarkably uniform scalar birefringence (Figure 8). Optic axis orientation may provide unique and mechanistic insight into the progression of coronary atherosclerosis and the tissue response to stent implantation. The vascular healing response is thought to lead to a distinct orientation of the organizing thrombus and the deposited collagen, producing noticeable features in the optic axis orientation. Improving the robustness of the reconstruction of optic axis orientation and histopathologic validation of this metric are still needed.


[image: Figure 8]
FIGURE 8. Optic axis orientation in coronary atherosclerotic lesion. Longitudinal image displays the optic axis orientation overlaid on intensity of a coronary artery in a patient with stable angina pectoris. Color indicates axis orientation and brightness specifies intensity. (A–C) Three individual cross-sections, showing conventional intensity (A1,B1,C1), birefringence (A2,B2,C2), and depth-resolved optic axis overlaid on intensity (A3,B3,C3) or birefringence (A4,B4,C4). The tunica media features green color, indicating circumferential orientation. (A3,A4) Heterogeneous optic axis orientation of the intimal fibrous tissue. The fibrous cap in (B3,B4) and fibrous areas in (C3,C4) feature longitudinal orientation of the optic axis. Scale bar indicates 1 mm.


The ex vivo and clinical IVP studies thus far have established that IVP provides robust measurements of polarization properties of coronary atherosclerosis. The polarization signatures enable more detailed tissue characterization than conventional OCT. An important benefit is the quantitative nature of the polarization metrics, which will facilitate their standardization and assist OCT image interpretation. Despite our efforts of developing an intuitive display, the multiple signal channels of IVP are challenging to visualize and interpret. However, they offer the promising opportunity to leverage the powerful capability of state-of-the-art deep learning routines. Advanced machine learning techniques are poised to radically impact imaging-based methods. They can provide image segmentation and interpretation that is too time consuming to be performed manually in real-time but would furnish critical feedback to guide interventions. Artificial neural networks have already been adapted for robust lumen segmentation (98), for classification of intracoronary OCT images (99), and for improved stent strut detection (100). We anticipate that the additional contrast available to IVP paired with advanced deep learning routines will significantly improve the level of detail that can be automatically identified and extracted from IVP pullbacks and will enable robust automated segmentation and classification of coronary atherosclerotic lesions.

Lastly, it is worth pointing out that the spatial resolution of OCT by far exceeds the dimension of individual collagen fibrils and even fibers, or actin and myosin filaments. At best, OCT resolution may be sufficient to resolve collagen bundles. IVP provides insight into the organization and arrangement of tissue fibrils and filaments on a sub-resolution scale by detecting the resulting tissue birefringence. The thickness, density, and linearity of collagen fibrils in their hierarchical organization within the fibrous tissue of the intima all contribute to the observed birefringence. Furthermore, birefringence is non-specific and can also arise from the combined effect of different fibrillar tissue components. In a similar way, multiple mechanisms contribute to tissue depolarization. Current efforts are aimed at elucidating specific polarization effects in the attempt to disentangle the various contributions. Microscopic spatial resolution would help to identify specific tissue substrates but remains incompatible with imaging in a clinical setting.



CONCLUSIONS

IVP is an extension of conventional OCT that measures polarization properties of the coronary arterial wall through standard commercial imaging catheters and without altering the imaging procedure. Birefringence relates to the collagen and smooth muscle content, which is an important determinant of plaque stability and vascular healing. Depolarization highlights the presence of lipid and macrophages. The quantitative nature of the polarization metrics offers a pathway beyond the qualitative interpretation of conventional tomograms and toward automated identification of critical features, such as fibrous cap thickness. The improved insight into plaque composition afforded by IVP provides new opportunities to investigate disease progression and development of ACS. IVP may provide surrogate markers for improving risk stratification of patients with coronary artery disease.
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FOOTNOTE

1* Throughout this manuscript we generalize OFDI – a specific second-generation implementation of optical coherence tomography – to OCT, the general imaging method that includes all implementations of OCT, whenever suitable.
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Conventional intravascular ultrasound (IVUS) devices use piezoelectric transducers to electrically generate and receive US. With this paradigm, there are numerous challenges that restrict improvements in image quality. First, with miniaturization of the transducers to reduce device size, it can be challenging to achieve the sensitivities and bandwidths required for large tissue penetration depths and high spatial resolution. Second, complexities associated with manufacturing miniaturized electronic transducers can have significant cost implications. Third, with increasing interest in molecular characterization of tissue in-vivo, it has been challenging to incorporate optical elements for multimodality imaging with photoacoustics (PA) or near-infrared spectroscopy (NIRS) whilst maintaining the lateral dimensions suitable for intracoronary imaging. Optical Ultrasound (OpUS) is a new paradigm for intracoronary imaging. US is generated at the surface of a fiber optic transducer via the photoacoustic effect. Pulsed or modulated light is absorbed in an engineered coating on the fiber surface and converted to thermal energy. The subsequent temperature rise leads to a pressure rise within the coating, which results in a propagating ultrasound wave. US reflections from imaged structures are received with optical interferometry. With OpUS, high bandwidths (31.5 MHz) and pressures (21.5 MPa) have enabled imaging with axial resolutions better than 50 μm and at depths >20 mm. These values challenge those of conventional 40 MHz IVUS technology and show great potential for future clinical application. Recently developed nanocomposite coating materials, that are highly transmissive at light wavelengths used for PA and NIRS light, can facilitate multimodality imaging, thereby enabling molecular characterization.

Keywords: optical ultrasound, OPUS, optoacoustics, imaging, intravascular ultrasound, IVUS


INTRODUCTION

Intravascular imaging has the ability to provide invaluable anatomical information to facilitate the treatment of coronary artery disease (1). Additionally, molecular compositional analysis of atheroscletoric plaque disease may help to identify targets for intervention (2). The two leading technologies in this field for microstructural imaging are Optical Coherence Tomography (OCT) and Intravascular Ultrasound (IVUS). OCT images are obtained using broadband near-infrared light (wavelengths typically in the vicinity of 1,310 nm), with reflections from tissue detected interferometrically. High axial (10 μm) and lateral (20 μm) resolutions allow for assessments of both vascular endothelium and plaque structural components, albeit with limited tissue penetration (typically <2 mm) (3). IVUS is a modality analogous to OCT, in which ultrasonic reflections from tissue are detected. Typical commercial IVUS imaging catheters operate with transducer frequencies centered at around 40 MHz, providing an axial resolution of 100–150 μm, a lateral resolution of 200 μm and a tissue penetration of 4–8 mm (3). IVUS has established roles in sizing vessels, detecting calcium, and guiding optimal stent expansion. IVUS has seen exciting technological advancements in recent years, including the use of dual frequency probes to allow for high resolution imaging (4) and combinations with near-infrared spectroscopy (NIRS) (5) or photoacoustics (PA) (6) to provide hybrid imaging with molecular compositional analysis.

With contemporary IVUS devices, ultrasound (US) is generated and received electrically, using piezoelectric transducers. Whilst this electronic platform is well-established within the field of interventional cardiology, there are limitations that preclude its broader clinical use. First, with very small elements (e.g., diameter <150 μm), it can be challenging to achieve adequate sensitivity and bandwidth for high penetration depth and high resolution tissue imaging. Second, the complexities associated with fabricating and electrically connectorising broadband piezocomposite transducers can result in high manufacturing costs. Third, the broader applicability of electronic interventional devices in the coronary catheterization suite is challenged by sensitivities to electromagnetic interference and lack of MRI compatibility (7).

Optical ultrasound (OpUS) imaging probes, in which transmission and reception are both performed with light, are emerging as alternatives to their electrical counterparts. They offer several key advantages, including the potential to generate and detect the broadband US fields (tens of MHz) required for high resolution intravascular imaging (8) and immunity to EM interference. Moreover, optical fibers used for ultrasound transmission and reception can provide the required level of miniaturization for minimally invasive use and have costs that lend themselves to disposable devices. Furthermore, the use of optical fibers allows for the integration of complementary imaging and therapeutic modalities without compromising the device size or performance (9). In this review, we describe the application of OpUS to coronary imaging, including preclinical data acquired using this technology, and future translational applications.


Optical Ultrasound Generation and Reception

With optical ultrasound (OpUS) the generation of US occurs via the photoacoustic effect at the surface of a fiber optic transducer (8), wherein pulsed or modulated excitation light is absorbed in a coating and converted to thermal energy. The transient heat rise leads to a corresponding pressure rise which propagates as an ultrasound wave. The bandwidth of this wave depends on the temporal characteristics of the excitation light. In general, the bandwidth can be increased by decreasing the duration of excitation light pulses; however, in practice, these increases are limited by frequency-dependent ultrasound attenuation within the coating (10) and within blood and vascular tissue (11). To achieve efficient optical-US transduction, a material with a high optical absorption coefficient and a high thermal expansion coefficient is desirable. Studies to date have highlighted the efficacy of composite materials that comprise optical absorbers integrated within elastomers. With these considerations in mind, several nanocomposite materials have been explored, including carbonaceous materials (8), metallic nanoparticles (9), and organic pigments (9). Carbonaceous materials including carbon black (12), carbon nanofibers (13), candle soot (14), carbon nanotubes (15), and graphene (16) have high optical absorption across the visible and near-infrared wavelength ranges. Metallic nanoparticles such as gold, exhibit a relatively narrow optical absorbing window. Organic pigments such as crystal violet can display poor photostability with repeated usage causing photobleaching with loss of acoustic conversion efficiency (9). Noimark et al. showed for the first time that functionalized multiwalled carbon nanotube-polydimethylsiloxane (PDMS) composites can give rise to pressures of 21.5 MPa at the coating surface (the highest recorded pressure from a fiber optic transmitter, to our knowledge) and bandwidths of 39.8 MHz (15). These high pressures enable high imaging penetration depths, and the broad bandwidths give rise to high axial resolution. A small coating thickness can be important to minimize acoustic attenuation within nanocomposite materials (10). To this end, several methods have been explored for depositing nanocomposite materials onto the distal surface of the fiber optic transducer, including spin-coating (17), electrospinning (18), and dip-coating (15). With the latter method, a “bottom up” approach typically involves coating the substrate with an optical absorber and a subsequent polymer overcoat (for instance, PDMS). Control of the thickness of the nanocomposite region comprising the optical absorber and the polymer, and the total thickness of the polymer, is determined by both the viscosity of the material, which can be altered through the use of solvents, and the dipping speed of the optical fiber.

To allow for real-time pulse-echo US imaging, fiber-optic transmitters have been be paired with high-finesse Fabry-Pérot fiber-optic receivers [(19); Figure 1A]. These receivers, fabricated on the distal ends of optical fibers, comprise an epoxy dome with high-reflectivity coatings on both the planar and domed surfaces. When an ultrasound wave impinges on the dome, it causes nanometer-scale deformations in the dome surface. These deformations are measured using laser interferometry. Such devices are capable of measuring pressures lower than 100 Pascals, making them highly sensitive to ultrasound reflections and ideally suited to minimally invasive imaging. In contrast to piezoelectric receivers, whose sensitivities fall off with decreasing element size, fiber optic receivers can maintain their sensitivity even at scales of tens or hundreds of micrometers. Their small lateral dimensions (<250 μm outer diameter) enable integration into intracoronary imaging devices, and their large bandwidths yield high imaging performance [e.g., axial resolution better than 60 μm and cm-scale imaging depths without temporal averaging (20)]. Several other fiber optic reception technologies are promising for intracoronary imaging, including fiber Bragg gratings (21–23) and microring resonators (24, 25).


[image: Figure 1]
FIGURE 1. (A) Generation and reception of OpUS. The schematic (top) includes both a transmitter and a receiver. Lower-left inset (dashed green box): scanning electron microscopy image of the transmitter fiber-tip coated with nanocomposite (scale bar: 50 μm) (15). Lower-right inset (dashed red box): optical microscopy of the fiber-optic receiver (19). (B) 2D longitudinal M-mode OpUS imaging of ex-vivo human coronary artery tissue with a lipid pool (LP), calcification (Ca), and corresponding histology (haematoxylin and eosin staining) (scale bars: 2 mm).


With OpUS, high bandwidths and pressures have enabled imaging with resolutions better than 50 μm and tissue penetration depths >20 mm (20). These values challenge those of conventional 40 MHz IVUS technology and show great potential for future clinical application. As initial demonstrations of the viability of OpUS for in-vivo clinical imaging, forward-viewing configurations have been used. With these configurations, ultrasound was transmitted ahead of the optical fiber, in a direction colinear with the optical fiber axis. Axial and lateral resolutions of <60 and <90 μm, respectively, were achieved (26). A forward-viewing probe that was integrated within a transseptal puncture needle was used to obtain the first in vivo intracardiac images with OpUS (27). Recently, the first OpUS images of ex-vivo human coronary tissue samples (Figure 1B) were acquired and compared to histology. Numerous features of atherosclerotic plaque were identifiable, including a lipid pool, a calcified nodule, and the different layers of the vessel wall. Several other configurations relevant to intracoronary imaging have subsequently been developed, including side-viewing rotational imaging (20) and hybrid multimodality imaging (9).



OpUS Structural Imaging

Commercial intravascular imaging systems can employ rotational pullbacks of side-viewing probes in order to achieve cross-sectional imaging (with phased-array probes as alternatives). An analogous rotational implementation with OpUS can be realized with ultrasound transmitted perpendicular to the device axis. In a recent probe, perpendicular ultrasound transmission was made possible with an optically-absorbing nanocomposite coating extending perpendicular to the axis of the optical fiber that transmitted excitation light, in conjunction with a 45° mirror (Figure 2A). This optical fiber was connected to a rotary junction in order to allow for circumferential imaging, whilst the omnidirectional fiber-optic receiver remained stationary. The configuration of this imaging device had dimensions suitable for intracoronary imaging, with a maximum lateral dimension <1.25 mm at the distal tip. Image acquisition occurred with a frame rate of 5 frames per second. The imaging fidelity of the device was investigated with ex-vivo swine carotid tissue [(20); Figure 2B]. The broad bandwidths achieved (−6 dB bandwidth of 31.3 MHz), in conjunction with depth-dependent digital frequency filtering, allowed for both high axial resolutions at shallow depths and deep tissue visualization. Axial and lateral resolutions at a distance of 3 mm from the probe were superior to 50 μm and 15°. This device sets the stage for future devices with rotational lengths and encapsulation suitable for in vivo intracoronary imaging.


[image: Figure 2]
FIGURE 2. (A) Schematic of side-viewing optical ultrasound imaging probe with pulsed excitation light transmitted along an optical fiber (yellow), reflected at a mirror (M) and absorbed at the nanocomposite (NC) coating surface of an epoxy-based (E) optical transducer housing. Ultrasound pulses reflect from tissue and the echoes are received through interferometric interrogation of the Fabry-Pérot (FP) cavity at the distal end of the receiving optical fiber (blue). The probe is rotated about its axis to achieve circumferential imaging. (B) Rotational optical ultrasound images obtained within an ex-vivo swine carotid artery (20). (C) Co-registered optical ultrasound (gray-scale) and photoacoustic images of human aortic tissue (HA) using a gold nanoparticle/PMDS composite transmitter. Areas of lipid are displayed as a color signal. The tissue was secured to a cork ring (CR) and metal base (MB) for imaging. Corresponding histology of the green boxed area highlights a lipid pool (L), tunica media (T) and adventitia (A) (9).




Multi-Modality US and Photoacoustic Imaging

Recently there has been intense interest in multi-modality intravascular imaging probes that provide complementary structural and molecular information. These probes include combinations such as US with photoacoustic (PA) imaging (6, 28) or with near-infrared spectroscopy (NIRS) (5, 29). A potential strong advantage of OpUS probes, as compared to their electronic counterparts, is that the optical fibers used to generate and receive ultrasound can also be used to transmit light for PA and NIRS. These efficiencies, which can be achieved through the use of nanocomposite fiber tip coatings that are absorbing at certain wavelengths and transmissive at others, could be valuable both for achieving high levels of miniaturization and cost reductions. In a study by Noimark and Colchester et al., gold nanoparticle composites and organic dye composites, applied to the distal ends of optical fibers within an imaging probe, were used to generate ultrasound for OpUS (532 nm wavelength) and to transmit light for PA imaging (1,210 nm) from a single optical fiber (9). Co-registered ultrasound and photoacoustic images of an ex-vivo diseased human aorta were acquired. PA imaging provided molecular contrast for lipid rich coronary plaque, which was overlaid on the acquired ultrasound images (Figure 2C). Whilst the use of multi-modality OpUS for intracoronary imaging is at an early stage, there are strong indications that it could allow for measuring the plaque burden, which in turn could be valuable for guiding stent placement and for improving our understanding of the pathophysiology of coronary artery disease.




DISCUSSION

Direct comparison of OpUS to established intracoronary imaging devices is challenging at present due to a lack of in-vivo clinical data. Whilst detection of lipid and calcium by OpUS has been demonstrated (Figure 1B), further work is required to assess the efficacy of this technology for accurately sizing vessel diameter, luminal area, optimizing stent expansion, and detection of high risk atherosclerotic plaque morphological features including fibrous cap thickness, neovascularisation and macrophage infiltration. Nevertheless, OpUS potentially offers several prominent benefits over current generation electronically generated ultrasound. The axial resolution could be enhanced by the use of modulated excitation light that emphasizes higher ultrasound frequencies. Improvements to the lateral resolution could be achieved with curved transducers to achieve a focussed beam and with shorter excitation light pulses to increase the central frequency, and potentially with deep-learning beamforming for sub-sampled data (30). In order to improve image quality further refinements in image post-processing are possible, including complex filtering and reconstruction approaches, as well as adaptive frequency filtering to allow discrimination between acoustically dissimilar tissues (31–35). Significant increases in image acquisition rate are readily achievable. The rotational OpUS setup demonstrated to date (20) was limited to 5 frames per second by the data transfer rate and computation times, but further engineering developments with existing excitation lasers could potentially increase imaging rates to over 100 frames per second without compromising lateral resolution. To enable more rapid circumferential imaging for clinical translation, mechanical elements such as torque coils could be incorporated into the imaging probes, as used with OCT catheters. It is envisaged that lubricating fluid will be necessary to reduce frictional forces generated by the rotational components and to facilitate ultrasound coupling. Looking beyond the paradigm of rotating a single optical transducer, a phased array analogous to solid-state IVUS systems could be envisaged; however, it is likely to be challenging to achieve a high density of optical transducer elements within a coronary imaging device without compromising the device profile or deliverability. It is conceivable that spatial light modulators for controlling the propagation of laser light through multimode optical fibers (36) could be used in this context. A forward-looking volumetric probe analogous to electronic IVUS versions (37) could be envisaged; however, the spatial resolution would be highly dependent on the geometry and spatial configuration of the transducer elements.

Looking beyond aforementioned probes for vascular imaging that have been demonstrated at a pre-clinical level, there are uncharted frontiers in which OpUS probes could be extended to include new capabilities. They include enhanced diagnosis via pairing with OCT, photoacoustic imaging (38), and near-infrared fluorescence (NIRF) (39); additionally, they include therapeutic monitoring during atherectomy (40) and device tracking with the inclusion of fiber optic shape sensing (41). Speculatively, the inclusion of OCT could be enabled with a double-clad optical fiber, with ultrasound reception and OCT performed with light transmitted along the single-mode inner core and ultrasound transmission with the multi-mode outer core. Optically-generated ultrasound represents an exciting development in the field of intravascular imaging. Whilst many steps along the translational path remain, there is strong potential to unite many modalities into a single fiber optic probe that could have broad applicability in cardiovascular medicine and beyond.
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Despite exciting advances in structural intravascular imaging [intravascular ultrasound (IVUS) and optical coherence tomography (OCT)] that have enabled partial assessment of atheroma burden and high-risk features associated with acute coronary syndromes, structural-based imaging modalities alone do not comprehensively phenotype the complex pathobiology of atherosclerosis. Near-infrared fluorescence (NIRF) is an emerging molecular intravascular imaging modality that allows for in vivo visualization of pathobiological and cellular processes at atheroma plaque level, including inflammation, oxidative stress, and abnormal endothelial permeability. Established intravascular NIRF imaging targets include macrophages, cathepsin protease activity, oxidized low-density lipoprotein and abnormal endothelial permeability. Structural and molecular intravascular imaging provide complementary information about plaque microstructure and biology. For this reason, integrated hybrid catheters that combine NIRF-IVUS or NIRF-OCT have been developed to allow co-registration of morphological and molecular processes with a single pullback, as performed for standalone IVUS or OCT. NIRF imaging is approaching application in clinical practice. This will be accelerated by the use of FDA-approved indocyanine green (ICG), which illuminates lipid- and macrophage-rich zones of permeable atheroma. The ability to comprehensively phenotype coronary pathobiology in patients will enable a deeper understanding of plaque pathobiology, improve local and patient-based risk prediction, and usher in a new era of personalized therapy.
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INTRODUCTION

In 1989, Muller et al. (1) proposed the term “vulnerable plaque” to describe coronary artery plaques prone to rupture and cause acute myocardial infarction or sudden cardiac death. In 2003, a group of experts reached a consensus on a definition of vulnerable/high risk plaque being “a plaque that is at increased risk of thrombosis (or recurrent thrombosis) and rapid stenosis progression” (2). This definition extends beyond plaque rupture to include disruptions that may also occur from plaque erosions and penetrating calcified nodules. In general, the current paradigm of a high-risk plaque involves a thin cap fibroatheroma (TCFA), characterized by a large, necrotic, lipid-rich core and an overlying thin fibrous cap of <65 μm thickness. Other high risk features include inflammation, microcalcifications, neovascularization, intraplaque hemorrhage and positive remodeling (3–5).

High-resolution intravascular imaging modalities, such as intravascular ultrasound (IVUS) and optical coherence tomography (OCT), assess in vivo atheroma burden and some high-risk features reflecting plaque vulnerability (6). Despite these advances, current anatomical intracoronary imaging modalities have their shortcomings in predicting future acute coronary syndrome (ACS) events, even when incorporating advanced IVUS-derived high risk plaque measures, such as high plaque burden >70%, minimal luminal area <4 mm2, IVUS-virtual histology demarcated TCFA, and low endothelial shear stress (7–9). To address the limitations of anatomical intracoronary imaging, near-infrared fluorescence (NIRF) molecular imaging has emerged as a translational intravascular modality that allows visualization of plaque pathobiology by targeting certain molecular processes through specialized imaging agents [fluorophore-conjugates (10, 11) or protease-activatable constructs (12, 13) for example]. No single modality allows for the comprehensive evaluation of a plaque; to meet this need, hybrid catheters that allow co-registration of images acquired by different modalities have been developed. The aim of this review is to showcase the latest developments in molecular intravascular imaging, with a focus NIRF hybrid imaging modalities, and delve into current limitations and future prospects.



PLAQUE PATHOBIOLOGY

The underlying pathobiology of atherosclerosis provides a roadmap for molecular imaging targets and imaging agent synthesis (Figure 1). Atherosclerosis is a chronic inflammatory disease characterized by endothelial dysfunction, arterial wall thickening and persistent immune activation. An initial step in atherogenesis is vascular endothelial dysfunction, triggered by an increase in oxidative stress within a milieu of hyperlipidemia, hyperglycemia, smoking and hypertension (14). Small low-density lipoprotein (LDL) particles infiltrate through the impaired endothelial barrier and accumulate in the subendothelial matrix (15, 16). Oxidized LDL (oxLDL) is internalized by local macrophages giving rise to foam cells (17–19). Vascular smooth muscle cells (VSMCs) migrate from the tunica media to intima in response to inflammatory mediators, growth factors, and cytokines. There, they proliferate and secrete extracellular matrix including proteoglycans and collagen type 2, contributing to plaque stability through the formation of a fibrous cap (20, 21). Apoptosis and necrosis of activated macrophages and VSMCs results in the formation of a lipid-rich necrotic core that is encapsulated by collagen-rich fibrous tissue, a fibrous cap (18, 22). When a fibroatheroma exists under a thin fibrous cap (thinned by inflammatory proteases such as MMPs and cathepsins), these advanced lesions are denoted as TCFAs, the current paradigm of high-risk plaque.


[image: Figure 1]
FIGURE 1. Graphic representation of vulnerable plaque characteristics with emphasis on near-infrared fluorescence (NIRF) molecular imaging targets. High risk features include thin fibrous cap <65 μm, fibrous cap and necrotic core macrophages, large necrotic core, microcalcifications, neovascularization, and intraplaque hemorrhage. ICG, indocyanine green.


Another high-risk plaque feature is microcalcification. Calcification is an active process that occurs during all stages of atherosclerosis. Macrocalcifications, which are detectable by CT scan due to high radiodensity [>400 Hounsfield unit (HU)], may be associated with more stable plaque phenotypes (23). In contrast, microcalcifications (<0.05 to 15 μm) are undetectable by conventional imaging modalities and may have a destabilizing effect on fibroatheromas (24). When microcalcifications, arise within the fibrous cap, local stress increases by 2-fold, putatively contributing to plaque vulnerability (25). Microcalcification-aggregation results in macrocalcifications (18). Another high-risk vulnerable plaque feature is spotty calcifications, small calcium deposits that can be detected via OCT, IVUS, and CT. For IVUS and OCT, spotty calcification is defined as a calcium length <4 mm and a maximal calcium angle ranging from 22.5 to 90° (26). For CT, spotty calcifications are typically defined as average density >130 HU, diameter <3 mm in any direction, length of the calcium <1.5× the vessel diameter, and width of the calcification less than two-thirds of the vessel diameter (27).

Positive remodeling is thought to contribute to plaque instability by induction of neovascularization of vasa vasorum in the adventitia that eventually invade the intima and the fibroatheroma (28). These new microvessels have fragile walls leading to intraplaque hemorrhage (resulting in plaque expansion and pro-inflammatory milieu), and express adhesion molecules recruiting further macrophages into the plaque (Figure 1) (29).



DETECTING HIGH RISK PLAQUE: SIGNIFICANCE, CHALLENGES, AND INTRAVASCULAR IMAGING

The goal of detecting high-risk plaques is to identify rupture-prone plaques and intervene in a way (either medically or interventionally or both) to prevent future ACS. Very recently, the COMPLETE trial showed that in patients with STEMI and multivessel coronary artery disease (CAD), intervening on non-culprit lesions reduced a composite of CVD death and myocardial infarction (30), demonstrating the potential to identify a subgroup of high-risk, non-culprit lesions (admittedly a proportion of these lesions may have been flow-limiting and met common indications for revascularization, independently of the COMPLETE trial). However, in other clinical scenarios such as stable CAD, several challenges exist as to which non-culprit lesions to intervene upon. These challenges are due to imprecise knowledge of the natural history of plaque progression based on structural-based imaging trials and autopsy studies. Also, coronary artery plaques are of dynamic nature with lesion morphology oscillating from high risk to more stable and vice versa over time, as demonstrated by small longitudinal imaging studies (31–33). Additionally, current anatomical intravascular imaging modalities have limited ability to predict ACS arising from high risk plaques. In the PROSPECT trial, after incorporating all IVUS-derived predictive variables [high plaque burden >70%, minimal luminal area <4 square mm, or IVUS-virtual histology demarcated thin capped fibroatheroma (TCFA)], IVUS was limited in forecasting event-causing lesions with a relatively low positive predictive value (PPV) of 18.2% (meaning 4 out of 5 three-feature plaques did not produce in an event at 3 years) (9). Integrating endothelial shear stress parameters in the PREDICTION trial enhanced PPV to 41% (7), which is an improvement but still insufficient for routine clinical management. Therefore, new imaging approaches to more comprehensively phenotype atheroma are needed to improve lesion-specific risk prediction.



INTRAVASCULAR MOLECULAR IMAGING

To tackle the limitations of anatomical intravascular imaging modalities, intravascular molecular imaging has been developed to allow for in vivo visualization of molecular process that contribute to plaque vulnerability. The primary intravascular molecular imaging modality nearing clinical translation utilizes near infrared fluorescence (NIRF) detection of targeted NIR fluorophores, discussed in detail next.



NEAR-INFRARED FLUORESCENCE (NIRF)


Basics of Near-Infrared Fluorescence (NIRF) Molecular Imaging

Near-infrared fluorescence (NIRF) is an emerging translational, intravascular imaging modality that has the ability to capture a wide range of in vivo pathobiological processes (34). NIRF molecular imaging entails (1) injecting targeted or activatable NIRF molecular imaging agents, which consist of fluorescent conjugates (e.g., NIR fluorophores conjugated to an antibody, peptide, or small molecule) that concentrate in atheroma and bind to molecular targets, and (2) detecting the fluorophore emission signal from a NIRF catheter and console detection system (35). After injecting targeted fluorophores, excitation light from the near-infrared spectrum (650–900 nm) is directed at the arterial wall and used to stimulate fluorophores from ground state (S0) to an excited state (S1, S2). The excited fluorophores (S1, S2) emit energy in the form of photons (fluorescence emission) and then return to the ground state, and are then available for further excitation. Fluorescence emission occurs at a lower energy and a longer wavelength, and this emission light is detectable with a high sensitivity charge-coupled device (CCD) camera and appropriate emission filter that attenuates the initial shorter wavelength excitation light (34). Compared to visible light range fluorescence detection, characteristics of NIRF imaging that make it a highly sensitive imaging modality include: (A) less light absorption by hemoglobin, lipid, and water, allowing deeper penetration of light into tissue; and (B) reduced background tissue autofluorescence, allowing for high signal-to-background ratio (36, 37).

In 2008, Jaffer et al. (38) described the first intravascular, real-time NIRF catheter-based spectroscopic sensing probe (Figure 2). After intravenous injection of ProSense750/VM110, a cathepsin protease-activatable NIRF agent, it was possible to detect in vivo plaque inflammation in rabbit iliac arteries (1.5–2.5 mm in diameter) through blood (38). This system was able to detect NIRF signal in spectroscopic-type mode from a limited section of the circumferential arterial wall, given its non-rotational nature. As a result, in 2011 our group developed a two-dimensional rotational NIRF intravascular catheter with automated pullback, providing real-time, in vivo spatial mapping of arterial inflammation in atherosclerosis and in stented rabbit aortas (13). It is noteworthy that molecular and anatomical intravascular imaging provide complementary information about plaque structure and biology. This motivated the development of multimodal NIRF hybrid catheter systems that combines NIRF with either OCT or IVUS, for both molecular-structural co-registration, and improved quantification of NIR fluorescence signals.


[image: Figure 2]
FIGURE 2. Diagram of a first-generation standalone 2D NIRF Imaging System. The tip of the probe contains a right angle coated prism that focuses laser light into the artery wall, activating fluorophores to their excited state to allow fluorescence emission. Subsequently, fluorophores will emit longer wavelength (lower energy) fluorescent light back into the optical fiber. The fluorescent light is then directed to a dichroic beam splitter that selectively directs it into a photomultiplier tube. The beam passes additional filters to minimize the parasitic signals of laser photons and autofluorescence. The inset shows the spectra of the three filters (I, II, III) used in the system. 2D, 2-dimensional; NIRF, near-infrared fluorescence. Jaffer et al. (13), by permission of American College of Cardiology. License number: 4720261188070.




NIRF Molecular Imaging Agents for Atheroma Targets

A number of NIRF molecular imaging fluorophores that target different molecular processes are now available. Those processes include protease activity, oxidized LDL, endothelial permeability, fibrin deposition, and microcalcifications. Neovascularization can be potentially detected using αv β3 integrin (39); however, to date it has not been studied for atheroma detection using intravascular NIRF catheters. At present, indocyanine green (ICG) is the only fluorophore approved by the US Food and Drug Administration (FDA) for use in human subjects, although a number of fluorophores are undergoing FDA approval in the oncology domain (40–43) and are expected to be translated to the field of atherosclerotic cardiovascular disease (CVD).



Inflammatory Protease Activity

Atheroma macrophage inflammatory activity can be detected using protease-activatable NIR fluorophores. Cathepsins and matrix metalloproteinases (MMP) are amongst the most widely studied proteases. Cysteine cathepsins are mainly found in lysosomes and have been in implicated in atheroma-blood vessel remodeling through elastolytic and collagenolytic activity (44–46). ProSense/VM110 is a cathepsin-activatable fluorophore that has been validated in animal models of atherosclerosis, and very recently has been evaluated in a patient (47). Once injected, baseline quenched ProSense/VM110 localizes to atheroma macrophages, where it is cleaved by cathepsins, yielding NIR fluorescent fragments (48). Two NIR versions of ProSense exist: ProSense 680, which is activated by Cathepsin B, L, and S with peak excitation of 680 nm and peak emission of 700 nm, and ProSense 750/VM110, activated by Cathepsins B, L, S, K, V, and D with peak excitation of 750 nm and peak emission of 780 nm (48). MMPs are another group of proteases that have been implicated in plaque destabilization (49). Similar to ProSense, gelatinases (GelSense680 and MMPSense680) are MMP-activatable fluorophores that exhibit a mosaic distribution of NIRF signal, differentiating hot spots, which correlate with plaque instability (50, 51). Although label-free OCT detection of macrophages is possible (52, 53), NIRF offers a unique capability to visualize macrophage inflammatory activity in vivo is NIRF. A limitation is the need to inject ProSense/VM110 24 h prior to intended imaging; new inflammation sensors with faster pharmacokinetics are needed.



Oxidized Low-Density Lipoprotein

Oxidized LDL (oxLDL) particles are often found within atheroma lipid-rich necrotic core and have been explored as targets for NIRF imaging. Khamis et al. (11) designed a oxidized LDL NIRF targeted molecular imaging agent, termed LO1-750, that binds to oxLDL and fluoresces when illuminated with 750 nm light. LO1-750 has two components: LO1, which is an autoantibody that binds to oxidized LDL in mice, rabbits and humans (54), and AF750, which is a NIRF dye. By utilizing fluorescence molecular tomography (FMT) combined with micro-computed tomography (CT), the group showed LO1-750 accumulation within the aortic arch and its branches in atherosclerotic Ldlr −/− mice when compared to wild type (WT) (11). LO1-750 generated higher NIRF signal when compared to MMPSense signal. Ex vivo imaging of rabbit aortas using intravascular NIRF catheter, showed localization of LO1-750 in atheroma lesions. This agent represents a translatable platform for future use in human subjects to enable quantifying plaque oxidative stress. A limitation for LO1-750 long circulating half-life (21 h) and wide area of distribution to the liver, kidneys, and spleen, limiting the plaque target-to-background ratio (11).



Inflammation Determined by Impaired Endothelial Permeability

Plaques that demonstrate impaired endothelial permeability are prone to erosion and thrombosis. Utilizing iron oxide nanoparticles (CLIO), Stein-Merlob et al. (55) developed a NIRF fluorophore, called CLIO-CyAm7 that was used to investigate in vivo endothelial dysfunction-based inflammation in a rabbit model. The group demonstrated that within atheroma plaque, CLIO-CyAm7 deposited in macrophages and endothelial cells in areas of impaired endothelial barrier underlying areas of triggered plaque thrombosis (Figure 3) (55). This insight links surface inflammation and endothelial permeability to plaque rupture in vivo. A limitation of this approach is the use of a long circulating nanoparticle, which may limit point-of-care applications in the cath lab.


[image: Figure 3]
FIGURE 3. Experimental in vivo and ex vivo near-infrared fluorescence (NIRF) imaging of inflammation and subsequent atherothrombosis. Rabbits underwent balloon injury at week 2, and were fed high cholesterol diet till week 8. Ten weeks after balloon injury, rabbits received CLIO-CyAm7 (a inflammation-sensitive nanoparticle-based fluorophore), and underwent pharmacologic-triggered plaque thrombosis 24 h later. (A) Pre-trigger x-ray angiography showing the aorta for image coregistration. (B) Pre-trigger in vivo NIRF imaging projected into a 2-dimensional (2D) matrix showing an area of increased signal between 30 and 40 mm. (C,D) Pre- and post-trigger intravascular ultrasound (IVUS) imaging demonistrating induced luminal thrombus (yellow arrows) corresponding to the region of increased NIRF signal intensity on pretrigger NIRF imaging in (B). (E,F) Ex vivo fluorescence reflectance imaging of cross-linked iron oxide (CLIO)-CyAm7 verifying in vivo 2D NIRF imaging, and gross pathology of the resected aorta with 1.5 cm black tissue markings for histological analysis and coregistration. (G) Histogram of vessel diameter measured by cross-sectional IVUS imaging. Red indicates atheroma without attached thrombus, yellow indicates atheroma with attached thrombus, and blue indicates uninjured control aortic segments. The dashed line indicates the 5 mm cut-off for exclusion of NIRF imaging data because of distance attenuation of the NIRF signal in large vessels. (H) In vivo 2D NIRF imaging revealed significantly higher target/background ratio (TBR) in areas with atheroma, compared with uninjured segments of the aorta (peak TBR 2.86 ± 1.82 and 1.55 ± 0.65, *P = 0.001). Stein-Merlob et al. (55), by permission of American Heart Asssociation (AHA). License number: 4720560395030.




Fibrin Deposition

Subclinical plaque rupture may result in fibrin deposition at the plaque surface. In addition, unhealed stents are characterized by fibrin deposition and absent endothelium, and are at increased risk of stent thrombosis (56). In 2012, Hara et al. (10) developed FTP11-Cy7, a fibrin-targeted peptide (FTP11), conjugated to a NIRF dye (Cy7). FTP11-Cy7 binding to fibrin was validated in vitro using human plasma clots and in vivo by binding to murine thrombi using non-invasive NIRF imaging (10). Subsequently, using rabbit model and hybrid NIRF-OCT intravascular imaging, our group was able to demonstrate that drug eluting stents (DES) showed increased fibrin deposition and fibrin persistence when compared to bare metal stents (BMS), both at day 7 and day 28 (57). This finding also revealed the limitations of standalone OCT imaging, which cannot distinguish between healthy endothelial cell coverage vs. impaired healing demarcated by fibrin deposition. Indeed, a considerable percentage of stent struts appeared covered on OCT; however, a substantial portion of OCT covered struts were in fact covered by NIRF+ fibrin, rather than re-endothelialization, and therefore may indicate an increased risk of thrombosis. A possible limitation is NIRF imaging is not possible beneath the metallic stent struts.



Microcalcifications

Similar to the process of bone formation, plaque calcification is a tightly regulated process of mineralization through the differentiation of VSMCs into osteoblasts that express osteogenic regulating proteins such as alkaline phosphatase, osteopontin, osteocalcin, osteonectin and collagen types I and II (58). When microcalcifications arise within the fibrous cap, local stress increases by 2-fold, contributing to plaque vulnerability (25). A seminal NIRF imaging study in mice demonstrated the ability to detect osteogeneic activity, which precedes bulk calcification, in calcifying murine aortic valves (59). Vulnerable plaques are characterized by microcalcifications and osteogenic activity, both of which are associated with macrophage burden. OsteoSense750 (excitation 750 nm) is a NIRF agent that is derived from bisphosphonate and binds to sites of calcification in vivo, highlighting osteoblastic activity, and hence, potential target for vulnerability (58, 60–62). Microcalcifications can be detected by OCT; however, OCT has difficulty in visualizing cellular-level calcifications. Also NIRF has the ability to visualize osteoblastic activity (63). Only a limited studies are available on the use of OsteoSense in vascular biology and plaque vulnerability (59).




HYBRID INTRAVASCULAR NEAR-INFRARED FLUORESCENCE MOLECULAR IMAGING

Standalone NIRF imaging does not allow for distance correction and localization of the source of NIR light excitation and fluorescence emission. In addition, separate NIRF catheter-based imaging and then structural based imaging (e.g., IVUS, OCT) is impractical for clinical use. For these reasons, hybrid intravascular molecular-structural catheters have been developed to enable concurrent co-registration of molecular and anatomical images, and accurate distance-based correction/quantification of the NIRF signal (Tables 1, 2) (64, 66).


Table 1. Individual and hybrid intravascular imaging in terms of detecting high risk plaque features.
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Table 2. Characteristics of NIRF hybrid intravascular molecular imaging.
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Hybrid NIRF-OCT

OCT generates images with high spatial resolution (10–20 μm) but with relatively low depth of penetration (1–2 mm) (65). When combined with NIRF, the resulting hybrid catheter provides complementary data on plaque structure and biology (Figure 4). Two hybrid NIRF-OCT catheters have been developed; due to the OCT component, saline/contrast flushing is required during imaging acquisition. In 2011, Yoo et al. (66) developed a dual modality NIRF-OCT rotary catheter system with automated pullback and probe size of 2.4 Fr. The imaging probe comprised of a double-clad fiber with a single mode OCT core (1,320 nm) and inner cladding for NIR fluorescence collection (66). The system was validated using cadaveric human coronary artery with an implanted NIRF-fibrin labeled stent, and in vivo rabbit iliac arteries after balloon injury (66). Similarly, Lee et al. (68) designed a 2.6 Fr NIRF-OCT probe with frame acquisition rate of 100/s compared to 25.4/s in the Yoo et al. first-generation system. Using atherosclerosis rabbit models, ICG deposition was reliably identified in lipid- and macrophage-rich plaques in vivo (68). Later, the same group validated the use of NIRF-OCT system in drug eluting stent (DES)-stented swine coronary arteries, showing ICG localization within atheroma and behind implanted DES (69). Since NIRF-OCT is an all-optical fiber-based system, the engineering of the probe is more straightforward, compared to NIRF-IVUS or NIRF-IVUS-photoacoustic systems. Limitations of this system are low depth of penetration, and the need to flush during OCT image acquisition.


[image: Figure 4]
FIGURE 4. Dual modality NIRF-OCT along separate IVUS images, obtained at weeks 8 and 12 following balloon injury in rabbit aorta. ProSenseVM110 is the fluorophore used to acquire NIRF imaging. (A) Longitudinal rabbit aorta sections. To the left, co-registered OCT-NIRF images and to the right corresponding IVUS images. (B) Cross sections of rabbit aortas corresponding to white dotted line in (A). From left to right: cross-sectional co-registration of NIRF-OCT images (Green/white = high near-infrared fluorescence; blue/black = low near-infrared fluorescence), matched cross-sectional fluorescence microscopy (FM) (red = ProSense VM110; green = autofluorescence) and histopathological sections reveals increased ProSense VM110 NIRF signal within a moderate fibrofatty atheroma (H&E) associated with cathepsin B immunostain. Scale bars, 1 mm. Figure courtesy of Dr. Eric Osborn and Dr. Giovanni Ughi. Bourantas et al. (67), by permission of European Society of Cardiology. License Number: 4720391246688.




Hybrid NIRF-IVUS

IVUS was introduced to clinical practice in early 1990s (70), and ever since has been the most widely used intravascular imaging modality due to decent depth of penetration (5–8 mm) and moderate backscatter from blood between 20 and 50 MHz (does not require blood clearance), with a limitation of intermediate spatial resolution (100–250 μm) (65). Dixon and Hossack (71) designed the first NIRF-IVUS hybrid probe and validated its use in phantom coronary arteries. One limitation of this system was the relatively larger probe size of 4.2 Fr due to side-by-side probe arrangement, precluding its use in typical diameter coronary arteries. Subsequently, Abran et al. (64, 72) developed a similar NIRF-IVUS bimodal catheter, and assessed its validity using ICG in ex vivo rabbit atherosclerosis model. The first in vivo validation of a bimodal NIRF-IVUS system was demonstrated by Bozhko et al. (73) in angioplasty-induced vascular injury in swine peripheral arteries and experimental fibrin deposition on coronary artery stents, and of atheroma in a rabbit aorta, using ICG. Clinical translation of this hybrid catheter necessitates designing a smaller probe <3.0 Fr, appropriate for intracoronary use, and will likely require re-engineering of side-by-side designs to serial designs, similar to current clinical IVUS-NIR spectroscopy catheters.



Hybrid trimodal NIRF-OCT-IVUS Catheter

A tri-hybrid intravascular probe using IVUS, OCT and NIRF technologies was developed by Li et al. (74), offering the potential for multi-structural and molecular imaging in a single pullback. The system was validated using phantom and ex vivo experiments using pig and rabbit arteries (74). While this system offers the advantages of the three imaging modalities combined, the probe size at present (3.9 Fr) is currently too large for routine clinical type applications, but is an exciting advance nonetheless, and we await further validation in vivo.




NIRAF-OCT IMAGING

While NIRF intracoronary molecular imaging has not been performed in human subjects, a recent advance was the demonstration of clinical intracoronary OCT-NIR-autofluorescence (NIRAF, based at 633 nm), a new contrast-free autofluorescence-based method (75). In the first human study on 12 patients with CAD undergoing PCI, Ughi et al. (75) demonstrated that NIRAF signal correlated with vulnerable features like fibroatheroma, plaque rupture and in-stent restenosis in non-culprit lesions (75). Additionally, NIRAF signal was associated with components of components of intraplaque hemorrhage (e.g., bilirubin, protoporphyrin IX) (76). While NIRAF molecular imaging is very promising intravascular imaging modality, the complete set of molecules and biological processes underlying NIRAF remain to be elucidated. Compared to NIRAF, NIRF imaging through molecular-specific imaging agents allows targeting of specific patho-biological processes, like protease activity, oxidized LDL, endothelial permeability, fibrin deposition, and osteogenesis.



PHOTOACOUSTIC IMAGING

Intravascular photoacoustic (IVPA) is an emerging imaging modality that is a natural extension of IVUS, and has the potential to detect certain fluorophores and nanomaterials that could enable IVPA-based molecular imaging. IVPA is a novel structural and molecular imaging modality that uses multiple wavelengths to illuminate the tissue of interest and identifies the acoustic waves generated by the thermoelastic expansion of the environment surrounding absorbing molecules (77). In an in vivo experiment on rabbit aortas, Wang et al. (78) showed that IVPA/IVUS imaging can identify lipid deposits within vessel wall through the blood without the need of saline flushing or balloon occlusion. Excitingly, IVPA provided 3 dimensional images of the vessel wall. Recently, Iskandder-Risk et al. demonstrated IVPA in vivo imaging of swine coronary artery. The quality of images were adjudicated using OCT and histology (79).



TRANSLATIONAL OUTLOOK

To enable clinical intracoronary NIRF molecular imaging, the NIRF system will need to switch to 750–800 nm excitation, and clinical targeted/activatable NIRF imaging agents will need to be available. Currently, indocyanine green (ICG, ex/em 805/830 nm) is the only atherosclerosis-targeted NIR fluorophore approved by the US Food and Drug Administration (FDA) for human use, facilitating the use of NIRF catheter in human subjects once approved. The recognition that ICG, a blood flow imaging agent available for 50 years, could target atherosclerosis was somewhat unexpected. In 2011, Vinegoni et al. recognized that the amphiphilic properties of ICG might allow it to have an atheroma targeting profile. Using intravascular and ex vivo NIRF imaging, ICG was found to accumulate in atheroma macrophages and was detected in vivo rabbit atheroma (80), and in pig coronary plaques (69, 81). Subsequently in 2016, The BRIGHT-CEA trial (Indocyanine Green Fluorescence Uptake in Human Carotid Artery Plaque, a study of injection of ICG prior to patients undergoing carotid endarterectomy) was conducted (81). Five patients undergoing carotid endarterectomy were injected with ICG; plaques were resected 99 min afterwards. Ex vivo intravascular NIRF-OCT and fluorescence reflectance imaging showed that ICG NIRF signal localized to and accumulated in human atheroma for the first time in living patients (Figure 5). The authors concluded that ICG accumulated in plaques with impaired endothelial integrity, disrupted fibrous cap, and area of neovascularization (81). This study may pave the way for future human intracoronary NIRF-OCT using ICG to image pathobiological aspects of coronary atherosclerosis.
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FIGURE 5. Ex-vivo intravascular NIRF-OCT images of human carotid arteries following ICG injection and then endartectomy. ICG was injected into human subjects 99 min prior to endartectomy. ICG accumulates in atherosclerotic area especially endothelial discontinuation. (A) Corresponding gross internal carotid artery (ICA) specimen, along with corresponding fluorescence reflectance image (FRI), and NIRF-OCT cross sectional, coregistered images, illustrating similar ICG uptake pattern (light blue = low ICG signal; green-yellow = high ICG signal) at the stenotic region (white arrowheads) in the ICA. (B) Histological analysis of the same area of the NIRF-OCT cross-sectional image shown in (A). Movat pentachrome (MP) shows a complex atherosclerotic plaque with a large necrotic core with lipid and cellular infiltration (dotted box). Higher magnification (10×) fluorescence microscopy of the boxed area illustrates ICG NIRF signal adjacent to the lumen, which is distinct from fluorescein isothiocyanate (FITC)-channel autofluorescence. CD68 staining of the same area validates that the ICG NIRF signal (yellow pseudocolor) spatially relates to CD68-defined plaque macrophages beneath the area of intimal disruption. The disruption is confirmed by CD31 staining in this same area. ECA, external carotid artery. Verjans et al. (81), by permission of American College of Cardiology (ACC). License number: 4720551416574.


Another translatable aspect is the use of NIRF imaging to detect plaque inflammation modified by stent placement, and predict complications such as in-stent thrombosis and stenosis. Using an atheroma rabbit model, Calfon Press et al. (12) showed that everolimus-eluting DES could decrease in vivo plaque inflammation and macrophage accumulation. This finding provides evidence that DES may be a bio-stabilizer of high-risk, inflamed plaques (Figure 6), although neoatherosclerosis is still a potential limitation of such approach. In a recent study, Osborn et al. (82) have demonstrated that plaque inflammation is an independent predictor of plaque progression, using atheroma rabbit model and serial NIRF-OCT. These preclinical studies will provide an outline for clinical studies once a NIRF catheter is approved.


[image: Figure 6]
FIGURE 6. NIRF molecular imaging of stent suppresion of plaque inflammation. In vivo and ex vivo imaging of rabbit aorta demonestrating inflammatory protease activity in bare metal stent (BMS)-, everolimus-eluting stent (EES)-treated, and unstented plaque zones. (A) Angiogram of the abdominal aorta, showing positions of BMS and EES. Areas of IVUS–visible plaque areas (P1 and P2 zones) are highlighted. (B) In vivo NIRF imaging, demonestrating increased signal intensity in areas corresponding to BMS. The y-axis represents the angular dimension (0–360°). The x-axis represents the longitudinal/axial dimension in millimeters. The asterisk denotes a guidewire artifact. (C) Averaged mean NIRF signal (unidimentional) along the longitudinal axis. NIRF signal is higher in unstented regions > BMS regions > EES regions (D) Co-reistered longitudinal IVUS and intravascular NIRF images. (E) Ex vivo FRI at 800 nm of the resected aorta, demonestrating higher signal in BMS region, compared to EES region. AU, arbitrary units; Scale bar, 10 mm. Calfon Press et al. (12), by permission of European Society of Cardiology. License number: 4720551036244.




CONCLUSION AND FUTURE DIRECTIONS

Intravascular NIRF molecular imaging offers a new dimension for plaque assessment based on pathobiology, a key driver of coronary events, and is on the verge of clinical translation to human coronary arteries. We envision that intravascular NIRF-OCT or NIRF-IVUS molecular-structural imaging will be used to comprehensively assess the coronary artery of patients already undergoing percutaneous coronary intervention. As PCI is now routinely being performed with intravascular imaging (IVUS or OCT), we anticipate that the only difference for NIRF-OCT or NIRF-IVUS will be the administration of a targeted molecular imaging agent at the start of PCI. Following PCI, completion NIRF-OCT or NIRF-IVUS will be performed, allowing assessment of non-culprit coronary artery segments proximal and distal to the target lesion that was stented. This will allow the generation of an integrated molecular-structural atheroma score reflecting the degree of pathobiology for the culprit artery. In addition another artery could be potentially imaged with the same goal. Ultimately, a NIRF-based pathobiology score will identify high-risk lesions, arteries, and patients, allowing the ability to more precisely target newer atheroma medical therapies (e.g., PCSK9 inhibitors, icosapent ethyl, ezetimibe, GLP1-receptor antagonists, SGLT2 inhibitors) to those at highest risk. Overall, integration of NIRF pathobiology assessment will enable personalized medical therapy for patients with CAD, instead of a one size fits all approach as currently practiced worldwide (e.g., statin and dual anti-platelet therapy, regardless of underlying pathobiological risk).
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Intravascular optical coherence tomography (IVOCT) that produces images with 10 μm resolution has emerged as a significant technology for evaluating coronary architectural morphology. Yet, many features that are relevant to coronary plaque pathogenesis can only be seen at the cellular level. This issue has motivated the development of a next-generation form of OCT imaging that offers higher resolution. One such technology that we review here is termed micro-OCT (μOCT) that enables the assessment of the cellular and subcellular morphology of human coronary atherosclerotic plaques. This chapter reviews recent advances and ongoing works regarding μOCT in the field of cardiology. This new technology has the potential to provide researchers and clinicians with a tool to better understand the natural history of coronary atherosclerosis, increase plaque progression prediction capabilities, and better assess the vessel healing process after revascularization therapy.
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μOCT: BEYOND STANDARD OCT

In the early 1990's, intravascular optical coherence tomography (IVOCT) (1) commenced with the understanding that OCT (2) could be clinically applied beyond ophthalmology. Conventional IVOCT employs broadband near-infrared light centered at a wavelength of 1,300 nm (3), providing it with a spatial resolution of about 10 μm that is an order of magnitude higher than that of intravascular ultrasound (IVUS) (4). The roughly 10-μm-resolution of IVOCT provides detailed information on treated and untreated coronary plaque morphology by resolving varying arterial microscopic architectural structures (5–10). Similarly to the circumferential view of IVUS, depth information provided by IVOCT makes it possible to display coronary artery lumen cross-sections (9, 10), luminal narrowing (11), and intimal thickening (12). Its higher resolution enables other features to be clearly identified, including fibrous cap thickness (4–6, 13), lipid (4, 13), cholesterol crystals (4), thrombus (4), dissections (4), macrophage accumulations (4, 7), calcium (4–6), and intimal neo-vasculature (4). Hence, IVOCT has improved diagnostic accuracy for human coronary plaques (5, 7), and its feasibility for guiding coronary intervention has been consistently demonstrated (14–19). Over the past two decades, interventional cardiologists and engineers have worked together to make tremendous progress to develop and validate IVOCT as a useful instrument for visualizing the detailed morphology of coronary plaque and stents.

Despite the potential importance of physiological assessment of myocardial ischemia due to significant organic coronary stenosis (20), recent studies have highlighted that the initial interventional strategy with percutaneous coronary intervention or coronary artery bypass does not necessarily result in better clinical outcomes in stable (chronic) coronary artery disease (CAD) patients when compared to optimal medical therapy (21). These results have raised questions regarding what coronary morphological features bestow high risk of a future clinical event, regardless of the severity of the luminal narrowing. To address these questions, OCT with even higher resolution could illuminate the roles of coronary microstructures heretofore unseen, such as individual coronary endothelial cells (22, 23), inflammatory cells, cholesterol crystals (24), vascular smooth muscle cells (25), fibroblasts, (micro-)calcifications (26), and components of thrombi such as platelets and fibrin, all thought to play roles in natural history of coronary atherosclerosis and the clinical manifestations of high risk lesions (27).

In 2011, a new mode of OCT termed micro-OCT (μOCT) was demonstrated with a resolution of 1–2 μm (28). The initial μOCT technology was implemented using a bench-top microscope system and has shown broad utility for a variety of in vitro and ex vivo studies and applications (28–32). Recently, to implement μOCT clinically, a single fiber optic μOCT probe and intracoronary catheter have been created (33, 34)—the technology is now poised to be used in coronaries in vivo (35). In this article, we review the developments in μOCT technology and describe its potential clinical implications for intracoronary imaging.



μOCT FOR CORONARY ENDOTHELIAL CELL VISUALIZATION

Endothelial cells act as gatekeepers for the passage of low-density lipoprotein (LDL) and leukocytes into the intima, and thus endothelial disruption/dysfunction is considered to be an important catalyst of coronary atherogenesis (36, 37). Previous ultrastructural studies have demonstrated that endothelial cells cover the intima in a “cobblestone” pattern, also known as “endothelial pavementing” on en-face SEM (22). It has been recognized that coronary plaque erosion characterized by lesions with loss of endothelial cells beneath thrombus is the second most prevalent histopathological cause of acute coronary syndrome (ACS) (27, 38, 39).

μOCT has been shown to visualize swine and human coronary endothelial cells ex vivo (40). The capability of μOCT to visualize endothelial cells was validated with the current gold standard scanning electron microscopy (SEM) (22). The histological validation study included a visual comparison of swine coronary endothelial pavementing seen by μOCT, volume-rendered in three-dimension (3D-μOCT), with that seen by en-face SEM (Figure 1) (40). 3D-μOCT images clearly showed the uneven endothelial surface corresponding to coronary endothelial pavementing seen on corresponding SEM. After endothelial stripping (41), the surface roughness disappeared from the 3D-μOCT image, indicating the absence of endothelial cells. Quantitative analysis was performed by calculating surface roughness on a μOCT data-set and the corresponding SEM (40), demonstrating a high degree of correlation between μOCT and the SEM gold standard (R2 = 0.99, P < 0.01).


[image: Figure 1]
FIGURE 1. μOCT images of endothelial pavementing and corresponding SEM in swine and human coronary arteries ex vivo. Upper panels: Swine coronary endothelial pavementing visualized by three-dimensionally (3D) volume-rendered μOCT is similar to that seen by scanning electron microscopy (SEM). Lower panels: Findings were consistent in human coronary fibrous plaque. Scale bars, 25 μm. Figure and capture reprinted with permission from Nishimiya et al. (40).


μOCT has also been used to visualize endothelial cells in human cadaver coronaries ex vivo. Endothelial pavementing was confirmed in early coronary lesions with intimal thickening and fibrous plaque (4) while lesions with superficial nodular calcification and necrotic core (4) lacked endothelial cells. Indeed, the results of surface roughness measurements indicated that endothelial cell distributions diminished over fibroatheromatous and fibrocalcific coronary plaques as compared with intimal-thickening and fibrous lesions (40). 3D-μOCT images of drug-eluting stents (DES) implanted in coronary segments also showed variable presence or absence of the endothelial cell coverage, which standard OCT was unable to identify (Figure 2A).


[image: Figure 2]
FIGURE 2. 3D-μOCT of stent and endothelial coverage morphology in the human cadaver coronary artery ex vivo. (A) 3D-μOCT image of a drug-eluting stent (DES) implanted in a human coronary artery, showing tissue coverage with low intensity signal (red asterisks) and the surface of polymer coating as highly reflective regions (green asterisks). Scale bars, 100 μm. Unpublished data, obtained at the Massachusetts General Hospital. (B) DES struts showing polymers (red dashed box and inset) overlying the stent strut reflections. Scale bars, 30 μm. Figure and capture reprinted with permission from Liu et al. (28).


Studies have suggested that fluid shear stress induces spindle-shaped endothelial morphology that is aligned in the direction of flow while those exposed to low endothelial shear stress (ESS) are nonuniformly oriented (42). Furthermore, low and turbulent induce increased vascular permeability (36, 42) that may increase the probability of LDL and leukocyte influx. Because, it can be performed on fresh tissue and over large areas in three-dimensions, μOCT assessment of endothelial morphology's could increase our understanding of coronary regions altered by shear stress, such as bifurcations and segments at myocardial bridges (43).

Since ruptured coronary plaques account for the majority of ACS (44), an improved understanding of the role of endothelial cells in the progression of atherosclerosis and early identification of plaques at high risk are anticipated to have considerable clinical impact. A number of seminal studies have suggested that certain OCT features of thin cap fibroatheromas (TCFA), such as the thickness of fibrous caps, are critical (13, 45). However, OCT cut off values for high risk cap thicknesses are still undetermined (23). Evidence suggests that in TCFA lesions, apoptotic macrophages are not efficiently cleared by efferocytosis and are therefore prone to secondary necrosis, contributing to expansion of the necrotic core and further thinning of the fibrous cap (46). It is thus conceivable that endothelial cell wall border alignment can vary at the weakest point of these caps of TCFA. In this manner, 3D-μOCT visualization and calculation of endothelial surface roughness may augment precision definition of plaque vulnerability in humans.

Since the endothelial monolayer is below the resolution of OCT, the current OCT diagnostic criteria for a coronary erosion is defined as the presence of an intact fibrous cap at the culprit site with overlying thrombus (47). This criterion is a retrospective definition, as thrombus is required to demarcate this entity. In addition, clinically insignificant plaque erosion may occur without increased thrombogenicity resulting in healed plaque (48). Thus, there is a need for a prospective definition of a site that is at high risk of erosion and subsequent thrombus formation. Owing to its capacity to directly visualize the endothelium, μOCT may bridge these gaps in our diagnostic capabilities. Data has shown that μOCT is capable of imaging white thrombus containing fibrin (the type that is common in erosion), small platelets and multiple entrapped cells (28). Whether μOCT can clearly visualize the endothelium beneath thrombus remains an open question.

Compared to conventional OCT, which is incapable of distinctly visualizing endothelial cells, μOCT could make it possible to definitively assess endothelial coverage of stent struts and this information could be potentially used to shorten antiplatelet therapy treatment durations. In the emerging era of biodegradable-polymer DES (49) and bioresorbable scaffolds (50), μOCT should be capable of evaluating standalone stent polymers or polymer-coating overlying metal stents (Figure 2B). The use of μOCT technology to assess DES strut endothelial coverage may help resolve current questions and controversies regarding novel stent healing responses, potentially leading to a means for determining optimal antiplatelet therapy durations.



μOCT FOR THE VISUALIZATION OF INFLAMMATORY CELLS

Inflammatory cells, such as leukocytes, monocytes, and macrophages play key roles in developing coronary atherosclerotic lesions (51). Because of its exquisite resolution, μOCT is capable of typing leukocytes based on cellular and intracellular morphology (28, 52). Additionally, μOCT has been shown to be quite capable of imaging pseudopods that inform on the activity of these cells (Figure 3A) (28). For example, compared to smaller cells with scant cytoplasm, consistent with lymphocytes, some of large cells seen on the surface had bean-shaped nucleus inside, presumably corresponding to monocytes (Figure 3B) (28). Macrophages are also seen clearly by μOCT as highly scattering, flocculent, round or ellipsoidal cells (28, 52), and are frequently observed over and within necrotic core lesions (Figure 3C) (28, 52). Some of these features have been recently demonstrated in the nasal airways in vivo, as μOCT was shown to be able to clearly visualize granulocytes in the mucus and epithelium of patients with cystic fibrosis (32).


[image: Figure 3]
FIGURE 3. μOCT for inflammatory cell morphology in human cadaver coronaries ex vivo. (A) Multiple leukocytes tethered to the endothelial surface by linear structures, suggestive of pseudopodia (white arrows). (B) A cell with an indented, bean-shaped nucleus (green arrow) suggestive of a monocyte. (C) Necrotic core fibroatheroma with highly scattering lipid-laden macrophages or foam cells (white arrows) infiltrating the fibrous-cap that were similarly seen in the corresponding histology (top left inset). An intracellular region of low signal, a suggestive of the nucleus, was shown within the cytoplasm of a foam cell (bottom left inset, denoted by blue arrow). Scale bars, 30 μm. Figure and capture reprinted with permission from Liu et al. (28).


Inflammatory cells play a pivotal role in all phases of coronary atherosclerosis. The compromised endothelial barrier permits them to invade into the tunica intima and initiate arterial wall thickening. Macrophages contribute to plaque vulnerability by producing proteolytic enzymes that digest extracellular matrix and destroy the integrity of the fibrous cap (46) and through their accumulation and death that form biomechanically unstable lipid deposits. For these and many other reasons, it is important to explore macrophage behavior in atherosclerotic lesions in vivo. Owing to its 3D imaging capabilities, μOCT makes it possible to observe such morphologic phenomena that are rarely seen in 2D cross sections. Due to the cellular resolution capabilities of μOCT, this technology could potentially also identify plaques with neutrophil extracellular trap (NETs) accumulations that induce endothelial cell apoptosis and resultant plaque erosion (53).



μOCT FOR THE VISUALIZATION OF INTIMAL CRYSTALS

In in vitro cell culture experiments, macrophages containing cholesterol crystals demonstrated higher cytoplasmic scattering in μOCT images when compared to those without cholesterol crystals (Figure 4) (52). Of note, there was a discrepancy that cholesterol crystals were detected by the gold-standard polarization microscopy but were not seen on the μOCT image (Figures 4A,B). Using polarization microscopy, the accuracy of cholesterol crystal inclusions in macrophages relied on the size of cholesterol crystals (the size ≥100 mm2, 52% vs. <100 mm2, 36%, P < 0.05). 3D-μOCT clearly visualized a macrophage cell with the high scattering cholesterol crystal within its cytoplasm (Figure 4C).


[image: Figure 4]
FIGURE 4. μOCT for macrophages containing cholesterol crystals in vitro and ex vivo. (A) En-face and (B,C) cross-sections of the macrophage demonstrated highly scattering constituents inside its cytoplasm (yellow arrow). (D) Corresponding polarization microscopy (PLM) confirming the cholesterol crystal inclusions (red arrow). (E) Cholesterol crystals that was determined by PLM (F) was not definitive on the μOCT image (yellow arrow). (G,H) Representative μOCT images of the macrophage cell in human coronary artery ex vivo contained highly scattering cholesterol inclusions within their cytoplasm [yellow arrow in panel (G); red in panel (H)]. Scale bars, 50 μm. Figure and capture reprinted with permission from Kashiwagi et al. (52).


Cholesterol crystal protrusion toward the lumen has recently been proposed as a possible cause of thrombosis and resultant ACS (54). 3D-μOCT has shown clear delineation of multilayered cholesterol crystal sheets in human cadaver coronary arteries (Figure 5A) (28) and their protrusions that were similar to what seen by SEM (Figure 5B).


[image: Figure 5]
FIGURE 5. 3D-μOCT for visualizing cholesterol crystals and their protrusion in the human cadaver coronary artery ex vivo. (A) Fibroatheroma with large necrotic core (NC) showing multilayered cholesterol crystals (CC), characterized by reflections from their top and bottom surfaces. Scale bars, 30 μm. Figure and capture reprinted with permission from Liu et al. (28). (B) 3D-μOCT for a fibroatheromatous human coronary plaque with manually segmenting a protruding cholesterol crystal (yellow area). (B) Corresponding SEM image showing cholesterol crystals protruding from the arterial wall. Unpublished data, obtained at the Massachusetts General Hospital.


Several recent studies have highlighted that anti-inflammatory pharmacotherapeutic strategies (e.g., an interleukin-1β neutralizing human monoclonal antibody, colchicine) (55, 56) may have a high potential to eliminate residual risk of CAD. Intimal crystals have been identified as a possible therapeutic target for cardiovascular disease, due to the potential of these crystals to exacerbate inflammation through inflammasome-mediated cytokine production/activation (57, 58). Identification of localized vascular inflammation as intimal crystals surrounded by inflammatory changes using μOCT would be helpful for assessing the effects of these novel therapeutic agents in patients in vivo.



CATHETER-BASED INTRAVASCULAR-μOCT

Recently, the optical imaging elements required to conduct intravascular μOCT were demonstrated (33, 34) and integrated into a catheter that had a size that was suitable for human coronary imaging (35). The imaging capability of the intravascular μOCT catheter was shown in human cadaver coronary arteries ex vivo and atherosclerotic rabbit aortae in vivo (35). μOCT circumferential views displayed cellular and subcellular coronary structures that were not readily identified by the standard OCT. For instance, small or large cholesterol crystal sheets were consistently noted in human lipid-rich plaques ex vivo (Figure 6) that were sometimes difficult to interpret in corresponding convention IVOCT images. As with the ex vivo bench top studies, smooth muscle cells could be clearly visualized as low-intensity, slit-like structures within the intima. Likewise, cross-sectional μOCT showed macrophage diapedesis in human coronaries ex vivo. 3D-rendering of μOCT images exhibited that individual macrophages residing on the surface of fibroatheromatous plaques that appeared to be transmigrating through the endothelium toward a deposit of intimal cholesterol crystals (Figures 7A,B) or with their pseudopods opposing each other (Figures 7C,D). Thrombus could be noted with cells that were consistent with leucocytes embedded in the intraluminal mass. The findings of this study (35) indicate that we are on the threshold of conducting intracoronary μOCT in vivo and await the development of clinical versions of these devices for the first-in-human studies.


[image: Figure 6]
FIGURE 6. Catheter-based intravascular μOCT for cholesterol crystals in the human cadaver coronary ex vivo. Circumferential image showing that μOCT was capable of resolving small cholesterol crystals at distances close to the sheath (a couple hundred microns, orange inset) and far from the sheath (~1 mm, red inset) simultaneously. Scale bars, 100 μm. Figure and capture reprinted with permission from Yin et al. (35).



[image: Figure 7]
FIGURE 7. Intravascular μOCT for inflammatory cells in human cadaver coronaries ex vivo. (A) Individual macrophages (yellow arrows) residing on the surface of a fibroatheromatous plaque that (B) appeared to be transmigrating through the endothelium toward a deposit of intimal cholesterol crystals (red arrows). (C) 3D-μOCT image showing a pair of macrophages tethered to the surface, (D) polarized toward one another with extended pseudopodia (blue arrow). Scale bars, 50 μm. Figure and capture reprinted with permission from Yin et al. (35).




LIMITATIONS OF μOCT AND TECHNOLOGICAL BARRIERS FOR CLINICAL APPLICATIONS

To achieve clinical intracoronary μOCT in the cardiac catheterization lab, several limitations and barriers still need to be resolved. First, to attain such high resolution images, μOCT is currently conducted at a shorter light wavelength (centered at 800 nm) that is lower than that of standard OCT (1,300 nm). The use of this shorter wavelength decreases the penetration depth of light in tissue, potentially further compromising its ability to assess intimal thickness and thus plaque remodeling. Second, imaging with μOCT collects ~3 orders of magnitude more data than imaging with standard OCT, and so the image sizes of a μOCT pullback will be 1,000 times greater than those of a standard OCT pullback. This 1,000-fold increase in data puts a great strain on data acquisition sensitivity and electronics, so currently the frame rate of acquiring μOCT images is significantly slower than that of standard OCT. With today's technology, imaging the entire length of a coronary artery with isotropic 1–2 μm resolution would require many pullbacks, each needing a radiocontrast flush for blood clearance. Interpreting the immense amount of information provided by μOCT may be difficult for interventional cardiologist; it is likely that artificial intelligence will be needed to aid image analysis. 3D visualization of μOCT will also likely facilitate image understanding in real time. The development of machine learning algorithms and rapid 3D rendering are ongoing topics of investigation in the μOCT field. Future technological developments will be focused on addressing these limitations to enable practical application of μOCT in the cath lab.



POTENTIAL SCIENTIFIC AND CLINICAL IMPLICATIONS OF μOCT

Clinical applications of μOCT for coronary imaging has the potential to be extensive. In the very beginning of coronary plaque development, altered shear-stress affects the endothelial cell alignment and effectuates endothelial dysfunction (42). Although such a relationship between shear-stress and endothelial cell orientation has been known for a long while, the finding has not been demonstrated in living patients in vivo. Furthermore, visualization of ongoing inflammatory cell adhesion, plaque disruption and blood coagulation remain elusive in humans in vivo. For interventional cardiology, μOCT will provide precise information for acute thrombotic formation around stent struts (23) at a microscopic level. A longitudinal view of stent architecture by 3D-μOCT has been demonstrated in rabbit aorta in vivo (Figure 8) (35). The detailed information regarding stent malapposition (59) or stent fracture (60) could help in the early detection of a precursor of procedure-related stent thrombosis. Visualization of DES polymer cracking (61) and the tissue response to anti-proliferative agents delivered by drug-coated balloons (62) could help clinicians to predict the arterial healing process.


[image: Figure 8]
FIGURE 8. Intravascular 3D-μOCT of a drug-eluting stent implanted in the atherosclerotic rabbit iliac artery in vivo. The artery was imaged immediately after the stent implantation. Stent struts are denoted by the purple and red arrows. Scale bar, 100 μm. Figure and capture reprinted with permission from Yin et al. (35).




CONCLUSION

μOCT is a next-generation form of OCT that provides an order of magnitude increase in axial and lateral resolution. Our group has demonstrated that μOCT enables the visualization of structures relevant to coronary atherosclerosis pathogenesis and stent healing at cellular/subcellular levels. The recently developed μOCT coronary catheter brings this technology close to clinial use. Clinical studies will be conducted with intracoronary μOCT in the near future. Results will potentially change the landscape of coronary imaging and our understanding of coronary disease and its treatment.
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Background: Four-dimensional automatic right ventricular quantification technology (4D auto-RVQ) is a new method that can simultaneously measure right ventricular (RV) structure and strain. The role of 4D auto-RVQ in determining RV function and hemodynamics is not clear. The role of 4D auto-RVQ in determining RV function and hemodynamics is not clear. We assessed the 4D auto-RVQ to measure right heart structure, function, and hemodynamics in patients with pulmonary hypertension (PHTN) correlated with right heart catheterization (RHC).

Methods: We enrolled a prospective cohort of 103 patients with PHTN and 25 healthy controls between September 2017 and December 2018. All patients with PHTN underwent echocardiography and RHC. Patients were included if they underwent two-dimensional (2D) and 4D auto-RVQ echocardiographic sequences on the same day as RHC. We analyzed RV functional indices using 2D and 4D auto-RVQ analyses. We divided patients with PHTN into three groups according to echocardiographic image quality as follows: high (n = 24), average (n = 48), and poor (n = 4). Hemodynamic parameters were measured using RHC, including mean right atrial pressure, mean pulmonary arterial pressure, RV cardiac index (RV-CI), and pulmonary vascular resistance.

Results: There were significant differences in most 2D and 4D auto-RVQ parameters between patients with PHTN and healthy controls. Interobserver variability showed significant agreement with 4D auto-RVQ for most measurements except for 4D end-diastolic volume. Indices measured by auto 4D-RVQ in the high-quality image group had a good correlation with RHC but not in the average- and poor-quality image group. Mid-RV diameter showed the best predictive power for the right RV-CI [area under the curve (AUC) 0.935; 95% confidence interval (CI), 0.714–0.997; p < 0.001]. RV end-systolic volume >121.50 mL had a 71.43% sensitivity and a 100% specificity to predict right RV-CI (AUC, 0.890; 95% CI, 0.654–0.986; p < 0.001).

Conclusions: 4D auto-RVQ may be used to estimate RV function and some hemodynamic changes compared with RHC in PHTN patients with high image quality. Furthermore, a large sample of the study is needed to evaluate RV function by 4D auto-RVQ in PHTN patients with average image quality.

Keywords: pulmonary hypertension, 4D-echocardiography, strain, right heart catheterization, right heart function


INTRODUCTION

Echocardiography is the most commonly used imaging technique for the study of right ventricular (RV) morphology, volume, function, and tissue characterization (1, 2). The accuracy of 2DE is inferior to cardiac magnetic resonance imaging (3). Because of the complex RV geometry, 2DE cannot capture RV inflow and outflow in the same image acquisition. Real-time three-dimensional echocardiography (3DE), also named four-dimensional echocardiography (4DE), is a more accurate and quicker method to assess RV volume and function than 2DE, but in some cases, this approach still poses some technical difficulties (4).

The right ventricle has a unique crescent shape and complex muscle moment, which influences the accurate evaluation of RV function. In patients with pulmonary hypertension (PHTN), the right heart chambers are significantly enlarged, and the scanning width of the echocardiography is insufficient to cover the entire right ventricle. The walls of the right ventricle can be difficult to identify. RV strain has been extensively used to evaluate the myocardial function and has predictive potential in patients with PHTN. RV strain is also recommended in European guidelines as part of the echocardiographic assessment of the right heart in adults (5, 6).

Right heart catheterization (RHC) is recommended to confirm the diagnosis of pulmonary arterial hypertension (PAH) and to support treatment decisions (7). RV hemodynamic deterioration, which can be measured by RHC, such as changes in mean pulmonary arterial pressure (PAP), pulmonary vascular resistance (PVR), and decrease in RV cardiac index (CI), is associated with poor clinical outcomes in patients with PHTN (8). PHTN is a progressive and life-threatening disease leading to RV pressure overload, dysfunction, and ultimately death. RHC can reliably measure indices of right heart function, such as cardiac output (CO) and RV-CI.

Recently, 4D automatic RV quantification (4D auto-RVQ) has emerged as a new technology for comprehensive RV assessment. This technique can simultaneously measure RV volume, tricuspid annular plane systolic exertion (TAPSE), RV diameter, 4D ejection fraction (4D-EF), and longitudinal strain of the RV free wall and septum (9). In our study, we attempted to use this technology to estimate right heart function and important hemodynamic indices, as well as to obtain other indirect information on right heart structure and function in patients with PHTN.



MATERIALS AND METHODS


Study Population

Our study was a prospective cross-sectional project by design. Adult inpatients with PHTN and healthy volunteers were enrolled from September 2017 to December 2018. All patients with PHTN underwent echocardiography and RHC. Patients with PHTN were included if they had a diagnosis of idiopathic PAH, chronic thromboembolic PAH, connective tissue disease PAH, or residual PAH after surgery for congenital heart disease by RHC with a mean PAP of >25 mm Hg (7). Patients were included if they underwent 2D and 4D auto-RVQ on the same day. Patients were excluded if they were <18 years of age, if echocardiographic images were inadequate for tracing. The exclusion criteria included congenital heart disease before the operation, serious valvular heart disease, significant coronary heart disease, atrial fibrillation, acute heart failure, renal or hepatic failure, and chronic obstructive pulmonary disease. Healthy adult volunteers served as healthy controls. These volunteers had no cardiac defects or family history of cardiac disease.

Our primary endpoint is the role of 4D auto-RVQ to determine RV function and hemodynamics in PHTN patients compared with RHC data. The secondary endpoint is the accuracy and characteristic of 4D auto-RVQ indices in PHTN patients compared to normal people.

Written informed consent was obtained from all participants or their legal representatives. The present study was approved by the ethics committee of Fuwai Hospital (no. 2018-1063). All procedures were performed in accordance with the 1964 Helsinki Declaration and its later amendments.



2DE Acquisition and Analysis

All patients underwent standard transthoracic echocardiography using a GE Vivid E9 (GE Healthcare, Milwaukee, WI, USA) with a 3.5-MHz phased-array transducer. Consecutive cardiac cycles were recorded during breath-holding with stable electrocardiography tracing. All patients underwent standard 2DE and Doppler echocardiography examinations with detailed evaluation of right heart function. A comprehensive evaluation of the right ventricle by 2DE obtained six standardized views, including the parasternal long-axis, RV inflow, parasternal short-axis, apical four-chamber, and subcostal views.

Offline analysis was then performed on digitally stored images. Indices of 2DE included TAPSE and RV fractional area change. Right heart size was quantified as RV end-diastolic area at the end of the electrocardiogram (ECG) T-wave. RV chamber size was assessed at the apex of the ECG R-wave in the apical four-chamber view with a focus on the right ventricle. We measured pulmonary systolic pressure by Doppler tricuspid regurgitation peak velocity plus estimated right atrial pressure.



4D Auto-RVQ Acquisition and Analysis

Digital data were analyzed offline (EchoPAC 7 Workstation version 201, GE Healthcare; TomTec 4D RV Function 2.0). Measurements using 4D auto-RVQ were acquired using the 4-V matrix-array transducer on the cardiac ultrasound GE system. Images were acquired using single beats with frame rates of ≥12 FPS. Apical RV-focused four-chamber views were acquired with patients in the lateral decubitus position. The transducer position was modified for optimal simultaneous visualization of the tricuspid valve, cardiac apex, and RV outflow tract. We visualized left ventricular apex, mid–mitral valve, aortic annulus, RV apex, mid–tricuspid valve, and RV diameter in the short-axis view (Figure 1) and performed an automatic calculation to determine 4D end-diastolic volume (4D-EDV), 4D end-systolic volume (4D-ESV), 4D stroke volume (4D-SV), and 4D-EF. The longitudinal strain of RV septum and free wall and TAPSE, RV diameter (middle/basal/longitudinal RV diameter). All the measurements were performed by trained technicians blinded to clinical data, according to the guidelines of the American Society of Echocardiography (10).


[image: Figure 1]
FIGURE 1. End-systolic verification and editing of endocardial RV borders using TomTec 4D RV Function 2.0 (A) and 4D auto-RVQ measurement (B). RV, right ventricular; EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; RVLS (septum), right ventricular longitudinal strain of the septum; RVLS (free wall), right ventricular longitudinal strain of the free wall; TAPSE, tricuspid annular plane systolic excursion.




Right Heart Catheterization

Hemodynamic parameters, including mean right atrial pressure, mean PAP, and mixed venous oxygen saturation, were recorded by RHC. CO was measured using the thermodilution method. RV-CI was calculated as CO ÷ body surface area. PVR was calculated as (mean PAP – PAWP) ÷ CO [PAWP (pulmonary artery wedge pressure)]. CI <2.5 L/min/m2 was defined as reduced right heart function (7). The interval between echocardiography and RHC was <24 h in 76 of 103 participants. For the other 27 patients, RHC was performed >24 h after echocardiography; therefore, their hemodynamic indices were not included in the analysis.



Statistical Analysis

Analyses were performed using SPSS version 20.0 (SPSS, Inc., Chicago, IL, USA) and MedCalc 19.0.5. Continuous data are presented as mean ± standard deviation. Categorical data are presented as absolute numbers or percentages. Differences between groups were analyzed using the χ2 test. Pearson correlation analysis was performed to evaluate the relationship between 4D auto-RVQ and strain, as well as those parameters measured using the reference method. Interobserver agreement for qualitative analysis score using 4D auto-RVQ manual and software assessments was calculated using the intraclass correlation coefficient. Receiver operating characteristic (ROC) curves were used to investigate and compare the predictive ability of 4D auto-RVQ parameters to evaluate right heart function. A p-value of <0.05 was considered statistically significant.




RESULTS

There were 103 adult patients with PHTN and 25 healthy controls from September 2017 to December 2018. We excluded 27 patients on whom RHC was not performed on the same day as echocardiography. Finally, 76 patients diagnosed with PHTN by RHC were recruited. We divided patients with PHTN (n = 76) into three groups according to echocardiographic image quality as follows: high image quality (n = 24), average image quality (n = 48), and poor image quality (n = 4). Clinical and conventional echocardiographic and 4D auto-RVQ characteristics of adult patients with PHTN are described in Table 1.


Table 1. Clinical, 2DE, and 4D auto-RVQ characteristics of 76 patients with pulmonary arterial hypertension.

[image: Table 1]

There were no significant differences in age and sex between the PHTN and control groups. Patients with PHTN were predominantly in World Health Organization functional class II or III, with a markedly decreased 6-min walking distance, increased mean PAP, decreased CO, and increased PVR.

The intraclass correlation coefficient is listed in Table 2. Interobserver variability showed significant agreement with a 4D auto-RVQ method for most of the measurements except 4D-EDV.


Table 2. Interobserver variability with 4D auto-RVQ in PHTN and Healthy controls.

[image: Table 2]

We performed a correlation analysis of the 4D auto-RVQ indices and RHC indices in all PHTN cases (n = 76). Table 3 shows that there was no significant correlation between the RHC and most of the 4D indices in all PHTN patients.


Table 3. Correlation between RHC and 4D auto-RVQ indices in all PHTN cases (n = 76).

[image: Table 3]

In 24 patients with high image quality, 4D auto-RVQ indices had a very good correlation with RV-CI, and 4D-ESV had a good correlation with all important RHC indices (Table 4).


Table 4. Correlation between RHC and 4D auto-RVQ indices in the high-quality image PHTN group (n = 24).

[image: Table 4]

When all PHTN patients with high, average, and poor image quality data combined, the 4D auto-RVQ indices were not clinically meaningful based on the ROC curve analysis (Table 5).


Table 5. All PHTN cases (n = 76) of 4D auto-RVQ areas of receiver operating characteristic (ROC) curves of various right ventricular function parameters.

[image: Table 5]

ROC curves (Figure 2, Table 6) illustrated that all six 4D auto-RVQ parameters could predict right heart function in the subgroup of high-quality images, especially mid-RV diameter [area under the curve (AUC) 0.935; 95% confidence interval (CI), 0.714–0.997; p < 0.001]. A mid-RV diameter of >50.8 mm had an 85.7% sensitivity and a 90.9% specificity. A RV-ESV of >121.5 mL had a 71.4% sensitivity and a 100% specificity, as well as a Youden index of 0.714 to predict RV-CI (AUC, 0.890; 95% CI, 0.654–0.986; p < 0.001).


[image: Figure 2]
FIGURE 2. Receiver operating characteristic curves in all patient groups of PHTN (n = 76) of 4D auto-RVQ areas of (A) and in the high-quality image group of PHTN (n = 24) (B). 4D_EDV, four-dimensional end-diastolic volume; 4D_ESV, four-dimensional end-systolic volume; 4D_EF, four-dimensional ejection fraction; 4D-RVLS, right ventricular longitudinal strain of the free wall; FAC, fractional area change; RV_MID, mid–right ventricular diameter.



Table 6. High-quality image group of PHTNs (n = 24) of 4D auto-RVQ areas of receiver operating characteristic (ROC) curves of various right ventricular function parameters.

[image: Table 6]



DISCUSSION

Despite its clinical importance, the study of RV function is technically challenging, in patients with PHTN. It is usually very difficult to evaluate RV morphology and function using 2DE. Recently, 3DE and 4DE have been introduced and are reportedly feasible and clinically applicable for RV volumetric quantification in patients with acquired RV pressure or volume overload (11). At present, the advantages of 4DE could better reflect RV size and function. As a new technology, 4D auto-RVQ can combine the 3D echocardiographic morphological, functional, and strain characteristics for comprehensive RV evaluation. It has the potential to reflect changes in RV function and pulmonary artery hemodynamics (9, 12).

Our results showed that 4D auto-RVQ, like 3D echocardiography, can accurately detect RV volume measurements in both PHTN patients and healthy control with good interobserver reproducibility (13, 14). However, the intraclass correlation coefficient of 4D-EDV was suboptimal. This may be due to the large RV volume in patients with PHTN so the right ventricle could not be completely included in some cases. Furthermore, 4D auto-RVQ can possibly detect differences in RV diameter, volume, and function. RV volume and basal and middle diameters were significantly enlarged in PHTN, but the longitudinal diameter was not significantly changed. This may be due to lateral expansion of the RV in patients with PHTN. In terms of the strain indices measured by 4D auto-RVQ, the longitudinal strains of the septum and free wall were significantly lower in patients with PHTN compared with the control group (15, 16). Similar to our findings, some reports found that the longitudinal strain of the septum and free wall had the potential to independently predict intermediate- to high-risk features in PAH patients (17). Smith also showed that RV longitudinal strain of the free wall (hazard ratio, 7.63; 95% CI, 1.76–10.27; p < 0.001) was a significant determinant of all-cause mortality (18).

When analyzing the data from RHC and 4D auto-RVQ indices, we observed a good correlation between 4D quantification and RHC in patients with high-quality images, but not in the other two groups with suboptimal imaging quality. RV-ESV by 4D auto-RVQ tracked well with RV-CI, mean right atrial pressure, mean PAP, and PVR measurements with RHC. We propose that RV-ESV may be an effective indicator of right heart function and hemodynamic changes in patients with PHTN. RV function analysis needs to take into consideration of its afterload including PVR. Measurement of 4D-ESV, 4D-RV strain, and RV basal and middle diameters had a good correlation with PVR. In the high-quality image group, all six 4DE parameters predicted right heart function. The indices with the best predictive power were RV middle diameter and 4D-ESV. We did notice that some authors previously used RV-EF as an index compared with cardiac magnetic resonance imaging (19, 20).

In summary, 4D auto-RVQ is a possibly useful quantitative tool to measure RV function with validation by RHC and provide meaningful data reflecting RV function. It is important to obtain high-quality RV images and to include the entire RV within the scanning sector. Previous studies have shown that in patients with chronic PHTN, 3D and 3D speckle-tracking echocardiography parameters for global and regional RV dysfunction were better than conventional echocardiographic indices (21, 22). The software for 4D auto-RVQ generates functional parameters from 4D datasets, making it an easy tool to implement in clinical practice and reducing the amount of time spent using multiple software parameters to simultaneously analyze 4D datasets and speckle-tracking echocardiography.

RHC remains the gold standard for RV hemodynamic evaluation, but 4D auto-RVQ has the potential to be included in routine clinical applications because it provides a relatively quantitative evaluation method for RV function in PHTN patients if high-quality echocardiographic images were acquired.



LIMITATIONS

There are several limitations to our data and results. As a single-center study in a cardiac referral center, we might have had selection bias. Among 103 patients, 27 patients did not simultaneously undergo ultrasonography and RHC and were excluded from the final analysis. World Health Organization functional class IV patients were not enrolled in the study. Our data are mainly applicable to patients with high-quality echocardiographic images. Our sample size was relatively small for an ROC analysis. Finally, we collected only the RHC data of PHTN without the results of cardiac magnetic resonance imaging. Thus, it is difficult to evaluate changes in cardiac volume in real time.



CONCLUSION

In conclusion, 4D auto-RVQ is a new method to estimate RV function and hemodynamic changes compared with gold-standard RHC in patients with PHTN only if high-quality echocardiographic images were acquired.
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NIRF-OCT Hera et al. (57)

Zaheer et al. (60)

NIRF-IVUS Shietal. (53)
Abran et al. (64) (Coronary)
Abran et al. (64) (Peripheral)

NIRF-IVUS-OCT Maehara et al. (65)

Probe
diameter

24Fr

26Fr

42Fr
45Fr
9.0Fr

39Fr

Fiber
characteristics

« OCT: 1320nm

 OCT: 1,200nm
749-790 nm

« IVUS: 45 MHz
o IVUS: 40 MHz
 IVUS: 15 MHz
« NIRF: 750 nm

« OCT: 1,310nm
NIRF: 785 nm

« NIRF: 750 nm

o NIRF:

 NIRF: 750 nm

© NIRF: 760 nm

* IVUS: 40MHz o

Depth of
penetration

NIRF: 3mm

OCT: 1-2mm

o IVUS:4mm o NIRF: 2mm
«IVUS:4mm o NIRF
«VUS:4mm e NIRF: 2mm

mm

« OCT: 3-6mm ¢ IVUS: 5-6mm
NIRF: 3-6mm

Axial
resolution

OCT: 7pum

OCT: 7um

VUS: N/A
IVUS: 150 m
IVUS: 270 m

Frame
rate

25.4/s

100/s

30/s.
2.7/s
2.7/s

20/s

Limitation

Slower image
acquisiion speed

Large probe size
Large probe size
Large probe size

Large probe size

MUS, intravenous ultrasound;: NIRF, near-infrared fluorescence; OCT, optical coherence tomography.
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ROC curve area 95% CI p-value Cutoff Sensitivity (%) Specificity (%) Youden index

RV-EDV (mL) 0.831 0.583-0.963 0.007 > 153.94 71.43 100 0.714
RV-ESV (mL) 0.890 0.654-0.986 0.001 > 121.50 71.43 100 0.714
RV-SV (ml) 0.636 0.381-0.845 0.421 > 41.45 67.14 90.91 0.481
RV-EF (%) 0.779 0.525-0.937 0.002 <2621 100 5455 0.545
RWLS (s, %) 0.506 0.266-0.745 0.960 >-673 42.86 81.82 0.245
RVLS (fw, %) 0.773 0.518-0.993 0.019 >-9.95 71.43 81.82 0.532
RVD (basal, mm) 0.831 0.583-0.963 0.001 > 34.16 85.71 81.82 0.675
RVD (mid, mm) 0935 0.714-0.997 0.000 > 508 85.71 90.91 0.766
RVD (long, mm) 0.600 0.340-0.824 0.540 > 786 42.86 100 0.428
TAPSE (mm) 0557 0.302-0.792 0.714 =113 71.43 60 0.314
RV-FAC (%) 0.800 0.539-0.951 0.011 <14.66 71.43 90 0.614

RV, right ventricular; EDV, end-diastolic volume; ESV, end-systofic volume; EF; ejection fraction; RVLS (s, %), right ventricular septum longitudinal strain; RVLS (fw, %), right ventricular
free wall longitudinal strain; TAPSE, tricuspid annular plane systolic excursion; FAC, fractional area change; RVD (basal/mid/long), right ventricular diameter (basal, midde, longitudinal).
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Intraclass  95% CI (lower) 95% Cl (upper) p-value

correlation
RV-EDV (L) 0012 ~0.167 0.190 0.447
RV-ESV (mL) 0.840 0778 0886 <0001
RV-SV (mL) 0.480 0330 0607 <0001
RV-EF (%) 0.749 0,659 0819 <0001
RVLS (5, %) 0.261 0.087 0.420 0.002
RVLS (fw, %) 0.317 0.147 0.469 < 0.001
RVD (basal, mm) 0508 0271 0668 0.002
RVD (mid, mm) 0.653 0.537 0.745 <0.001
RVD (long, mm) 0541 0.400 0656 <0001
TAPSE (mm) 0.182 0.003 0350 0.023
RV-FAC (%) 0.631 0508 0728 <0001

RV, right ventricular; EDV end-diastolic volume; ESV, end-systolic volume; EF; ejection
fraction; RVLS (5, %), right ventricular septum longitudinal strain; RVLS (fw, %), right
ventriculer free wal longitudinal strain; TAPSE, tricuspid annuler plane systolic excursion;
FAC, fractional area change; RVD (basalimic/long), right ventriculer diameter (basal,
middle, longitudina).
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RV-CI (L/min/m?) mRAP (mm Hg) mPAP (mm Hg) PVR (dyn-s-cm™)

4D indices R P R B R L R P

RV-EDV (mL) -0.131 0.268 0.221 0.061 0.223 0.056 0.080 0.496
RV-ESV (mL) -0.153 0.196 0.225 0.055 0269 0.020 0.124 0294
RV-8V (mL) -0.030 0.801 0.162 0.170 0.051 0.664 —0.045 0.700
RV-EF (%) 0.162 0171 -0.135 0.257 -0.24 0.035 -0.195 0.096
RWLS (s, %) 0.037 0.758 -0.250 0.083 0.143 0.223 0.101 0.392
RVLS (fw, %) -0.095 0.425 -0.126 0.289 0.140 0235 0.168 0.152
RVD (basal, mm) -0.266 0.031 0.275 0.025 0.081 0513 0.063 0.612
RVD (mid, mm) -0.073 0.541 0.103 0.388 -0.01 -0.078 0.030 0.802
RVD (long, mm) 0.029 0.806 0.182 0.126 0.008 0.948 —0.164 0.166
TAPSE (mm) 0226 0.056 0072 0.546 0078 0511 ~0.268 0.022
RV-FAC (%) 0.152 0.203 -0.009 0.406 -0.165 0.162 -0.203 0.085

RV right ventriculer; EDV, end-diastolic volume; ESV, end-systolic volume; EF; ejection fraction; RYLS (s, %), right ventricular septum longitudinal strain; RVLS (fw, %), right ventricular
free walllongitudinal strain; TAPSE, tricuspid annular plane systolic excursion; FAC, fractional area change; RVD (basal/mic/long), right ventricular diameter (basal, midcle, longitudinel);
RV-CI, right ventricular cardiac index; mRAR, mean right atrial pressure; mPAR, mean pulmonary arterial pressure; PVR, pulmonary vascular resistance.
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RV-CI (L/min/m?) mRAP (mm Hg) mPAP (mm Hg) PVR (dyn-s-cm)

4D indices R P R P R L R B

RV-EDV (mL) -0.579 0.007 0.548 0.012 0.503 0.024 0.444 0.050
RV-ESV (mL) —0.642 0.002 0.529 0.016 0.501 0.024 0.476 0.034
RV-8V (mL) -0.126 0.506 0.358 0.122 0.281 0.230 0.145 0.541
RV-EF (%) 0529 0.016 -0.211 0371 -0.169 0477 -0.293 0211
RWLS (s, %) -0.172 0.469 -0.225 0.340 0.351 0.129 0.565 0.009
RVLS (fw, %) -0.519 0.019 -0.032 0.893 0.120 0.615 0.506 0.023
RVD (basal, mm) —0.691 0.001 0.435 0.063 0.621 0.005 0.606 0.006
RVD (mid, mm) -0.501 0.025 0312 0.180 0.290 0.229 0.641 0.002
RVD (long, mm) —0.204 0.402 0.678 0.001 0.720 0.0001 —0.056 0.819
TAPSE (mm) 0.070 0.775 0.357 0.133 -0.038 0.879 -0.324 0.176
RV-FAC (%) 0510 0.026 -0.109 0.657 -0.163 0.504 -0.372 0.117

RV, right ventriculer; EDV, end-diastolic volume; ESV, end-systofic volume; EF; ejection fraction; RVLS (s, %), right ventricular septum longitudinal strain; RVLS (i, %), right ventricular
free well longtudinal strain; TAPSE, tricuspid annular plene systolic excursion; FAC, fractional area change; RVD (basal/mid/long), right ventricular dlemeter (besal, mice, longitudina);
RV-CI, right ventricular cardiac index; mRAR, mean right atrial pressure; mPAR, mean pulmonary arterial pressure; PVR, pulmonary vascular resistance.
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ROC curve area

RV-EDV (ml) 0.651
RV-ESV (ml) 0664
RV-SV (ml) 0561
RV-EF (%) 0580
RVLS (s, %) 0525
RVLS (fw, %) 0646
RVD (asal, mm) 0643
RVD (mid, mm) 0585
RVD (fong, mm) 0566
TAPSE (mm) 0618
RV-FAC (%) 0.658

95% CI

0.522-0.766
0.535-0.777
0.431-0.685
0.450-0.703
0.396-0.651
0.516-0.761
0.505-0.766
0.456-0.707
0.435-0.690
0.487-0.738
0.527-0.773

p-value

0.070
0.040
0.485
0270
0.770
0.070
0.080
0.320
0.440
0.140
0.029

Cutoff

> 153.30
> 117.50
> 40.20
<2563
>-9.39
>-978
>39.4
> 55.20
>76.4

<6.5
<19.17

Sensitivity (%)

66.67
66.67
42.86
76.19
71.43
61.90
70.59
42.86
42.86
33.33
71.43

Specificity (%)

76.74
79.07
81.40
51.16
11.63
72.09
57.50
86.05
85.71
90.48
64.29

Youden index

0.434
0.457
0.242
0.273
0.169
0.340
0.281
0.289
0.286
0.238
0.357

RV, right ventricular; EDV, end-diastolic volume; ESV, end-sstofic volume; EF; ejection fraction; RVLS (s, %), right ventricular septum longitudinal strain; RVLS (iw, %), right ventricular
free wall longitudinal strain; TAPSE, tricuspid annular plane systolic excursion; FAC, fractional area change; RVD (basal/mid/long), right ventricular diameter (basal, midde, longitudinal).
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Variables PHTN (1=76) Healthy control  p-value

(n=25)

Age (years) 871341346 3628+ 12.56 >0.05
Gender (male) 24/(31.6%) 9(21.4%) >0.06
BSA (m?) 157 +0.26
NT-proBNP (pg/mL) 932.85 (322.2,

2,165.5)
Hemodynamics (n = 76)
RAP (mm Hg) 456 % 4.01
mPAP (mm Hg) 532241458
RV-CI (/min/m?) 295 (2.38, 3.50)
PVR (dyn-s.cm~5) 940.29 (771.29,

1,236.50)
SVO2 (%) 69.30£5.75
6 MWD (m) 40482 + 98.74
Clinical classification
IPAH 40 (52.6%)
CTEPHTN 15 (19.7%)
CTD-PAH 10 (13.2.0%)
PAH after operation of CHD 5 (6.6%)
2DE RV characteristics
RVD (mm) 300(250,360) 22.0(193,240)  <0.001
RAD (mm) 420(36.0,53.0) 33.0(20.0,375  <0.001
RV-FAC 3188122 48744983 0.001
TAPSE (mm) 16.0(15.0,200) 22.0(19.8,240) <0001
TR (m/s) 43(36,4.7) 186(0.75,2.28)  <0.001
VEA 12(07,15)  1.29(1.12,1.41) 0.081
LVEF (%) 69.14£733 68564638 0.769
4D auto-RVQ characteristics
RV-ESV (mL) 100,67 £47.51 5470 £20.73 <0.001
RV-8V (ml) 346241400 4177 £1337 0.047
RV-EF (%) 24994786 4369723 <0.001
RVLS (s, %) ~736+£510 -12.36+3.83 0.0001
RVLS (fw, %) 1127566 -2051+6.45 <0.001
RVD (oasal, mm) 3908620 2777 £ 409 <0.001
RVD (mid, mm) 47.70£1022 8515+ 1558 <0.001
RVD (ong, mm) 711041210 6457 1112 0.085
TAPSE (mm) 1060+£398  17.75+1.94 <0.001
RV-FAC (%) 19.424£623  37.82£935 <0.001

Continuous variables are described as mean < standard deviation if they are normally
distributed, whereas those with a skewed distribution are described as median
(interquartile range). Categorical data are described as counts (proportions). PAH,
pulmonary arterial hypertension; BSA, body surface area; WHOFC, World Health
Organization functional class; NT-proBNP, N-terminal pro-brain natriuretic peptide; RAR,
right atrial pressure; mPAP, mean pulmonary arterial pressure; RV-Cl, right ventricular
cardiac index; PVR, pulmonary vascular resistance; SvOp, mixed venous oxygen
saturation; GMWD, 6-min walking distance; IPAH, idiopathic PAH; CTEPHTN, chronic
thromboembolic pulmonary hypertension; CTD-PAH, connective tissue disease-induced
PAH; CHD, congenital heart disease; 2DE, two-dimensional echocardiography; RV, right
ventricular; RA, right atrial; D, dlameter; RVAW, right ventricular anterior wal; TAPSE
tricuspid annular plane systolic excursion; TR, tricuspid regurgitation velocity; TV E/A,
tricuspid valve blood early and atrium flow; LVEF; left ventricie ejection fraction; RVLS
(s, %), right ventricular septum longitudinal strain; RVLS (fw, %), right ventriculer free well
longitudinal strain; TAPSE, tricuspid annular plane systolic excursion; ESV, end-systolic
volume; FAC, fractional area change; RVD (basal/mid/iong), right ventricular diameter
(basal, middle, longitudinal).
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IVP of fibrous cap in a patient with ACS and/or plaque rupture
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Trade name

LipiScan

LipiScan IVUS

VG Imaging
System

Advanced TVC
Imaging System

TVC Imaging
System

Makoto Imaging
System

Model number Year
introduced

Us)
NIRS-MC5 2008
TVC-MCT 2010
TVC-MC8 2012
TVC-MC8x 2014
TVC-MC9 2015
TVC-MC10 2019

Features/
design specifications

NIRS (8,000 NIRS
spectra/ 100 mim)

NIRS (8,000 NIRS
spectra/100mmy); 40 MHz,
Grayscale IVUS

NIRS (32,000 NIRS
spectra/100mmy; 40 MHz,
Grayscale VUS

NIRS (32,000 NIRS
spectra/100mmy; 35-65 MHz,
Grayscale VUS

NIRS (32,000 NIRS
spectra/ 100 mmy; 35-65 MHz,
Grayscale VUS

NIRS (1,300 NIRS spectra/mm);
35-65 MHz IVUS

Advantages/ Additional comments
improvements/revisions

First FDA cleared NIRS imaging System
with two-dimensional map of LCP

First FDA cleared dual imaging system
which combined co-registered, grayscale,
40 MHz IVUS with proprietary NIR LGP
detection technology to identify LCPs,
degree of stenosis, reference vessel
diameter, and plaque burden

First multimodality imaging to combine 1. Lower frequency increases
IVUS and NIRS. Improved IVUS Image depth-of-field whike the higher
quality and resolution with hydrophiic frequency improves clarity.
coating on catheter and added manual 2. Improved resolution

IVUS imaging features. enhancing visualization of

High definition “HD" IVUS Image Quality vessel details

with dual-modality frequency (up to 65
MHz) capabilties. Dual-layer hycrophilic
coating. 40-micron axial resolution
Enhanced user interface and IVUS image
‘with 20-micron axial resolution. Extended
bandwidth rotational IVUS catheter.

User Interface Enhancements. Multiple
(055, 1.0, 2.0 mm/s) Pullback Speeds. 0.0,
2.0, 10.0mm/s Manual IVUS tip movement
speed

NIRS, Near-Infrared spectroscopy; FDA, Food Drug and Administration; TVC, True Vessel Catheterization; LCR. Lipid Core Plaque; IVUS, Intravascular Ultrasound; MHz, Megahertz
(IVUS Transducer frequency).
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Study Year Study Study Sample  Follow-Up NIRS Key merits Limitations Main conclusion
aim design/ size  duration related
reported endpoint
The COLOR 2011 To determine whether Prospective 62 The rate of perfprocedural 1. Showed the relationship 1. Small sample size; NIRS imaging provides a
Trial (35) intracoronary NIRS can identify ~ observational Miin the groups with and  between the risk of rapid and automated
plaques that are likely to cause without alarge LOPinthe  periprocedural Miand 2. Selection bias due means of LOP
periprocedural Mi in patients treatment zone as assessed  NIRS-detected LOPs; 1o the avalabiiity of  icentification can be used
undergoing elective PCI by NIRS and expressed as 2. Included a comparison  post-PCI biomarkers to identify large, stenotic,
maxL.CBI4mm group of patients without coronary LGPs, which in
large LCBI the study were found to
be associated with a 50%
risk of periprocedural MI
when dilated during POI
The YELLOW 2013 To evaluate the effect of Randomized 87 7weeks  Change in lipid-core burden 1. Evaluated the effect of 1. Small sample size; Significant reduction in
Trial (36) short-term statin therapy on  Ciiical Trial index at the LOBI4mm max  therapeutics on NIRS- 2. Short follow-up maxLCBI4mm in the
intracoronary plaque using FFR segment quantified lipid content;  duration; intensive statin group vs
and NIRS-IVUS system in 2. NIRS imaging performed 3. IVUS and NIRS were  the standard of care group
patients with multivessel CAD at baseline and performed using
undergoing PCl and with at follow-up; separate catheters 4.
least 1 severely obstructive 3. Included correlation of  Differences in baseline
(FFR < 0.8) non-culprit physiology (FFR) against  LCBIs between the two
NIRS-derived LCBI; study groups
4. Randomized study
design
ATHEROREMO- 2014 To determine the long-term  Prospective 203 12months Composite of all-cause 1. Clinical endpoints; 1. Small sample size; “CAD patients with an
NIRS prognostic value of observational non-fatal ACS, 2. Results strongly 2. Asingle non-culprit LGB! equal to or above
Oemrawsingh intracoronary NIRS as stroke, and unplanned suggested the coronary arterywas  the median of 43.0, as
etal. (37) assessed in a non-culprit coronary revascularization  prognostic value of NIRS  imaged per patient  assessed by NIRS ina
vessel in patients with CAD exclusive of culpritlesion  imaging in non-stenotic, non-culprit coronary
events non-culprit segments artery, had a 4-fold risk of
adverse cardiovascular
events at 1-year follow-up
These findings relate to
the risk throughout the
entire coronary tree and
not necessarily at the
imaged segment or a
lesion-specific risk”
The CANARY 2015 To determine whether pre-PCI  Prospective 8 Incidence of periprocedural 1. Randomized design; 1. Small study size; Pre-interventional
Trial (38) plaque characterization using  Randomized Pilot M, defined as troponin or 2. Correlation of NIRS 2. Not all clinically relevant  intravascular imaging with
NIRS is capable of identifying ~ Trial creatine kinase-myocardial  measures vs. Mi enzyme  Mis. a combined NIRS-VUS
lesions at risk of periprocedural band increase to 3 or more  parameters; catheter is able to identify
myonecrosis times the upper limitof 3. Confirmed a relationship lesions at increased risk of
normal within 72h between NIRS-identified periprocedural
LRPs and periprocedural myonecrosis after stent
myonecrosis implantation Furthermore,
the use of a
distal embolization
protection fiter did not
prevent myonecrosis after
PCI of lipid-rich plaques in
this study
IBIS3(39,40) 2016 To evaluate the effect of high  Prospective 103 6 months-12 The effect of high 1. Evaluated the effect of 1. Lack of arandomized  High dose rosuvastatin
intensity statin therapy on observational months  intensity-rosuvastatin on lipid lowering design (no comparison  therapy resulted in
compositional coronary placue LGP within non-stenotic therapeutics on group); non-significant change in
changes using RF-IVUS and NCLs NIRS-quantified LCBIin 2. Events incidence not  Necrotic Core (NC) and a
NIRS in non-culprit segments non-stenotic segments;  sufficient toassess  neutral effect was observed
2. Included study of the MACE inLCBI
stabilty of the plaque
necrotic core;
3. NIRS imaging at baseline
and follow-up
The YELLOW I 2017  Assess changes in placie Prospective 85 812 weeks Toexamine lipid content 1. Study design included 1. Lack of arandomized  There was no significant
Trial (41) morphology using intravascular observational changes in obstructive genetic, clinical and design/ comparison  change observed in plaque
imaging, and evaluate NCLs, measured by NIRS,  plaque parameters group lipid content quantified
cholesterol eflux capacity in and plaque morphology, 2. Multimodalty imaging- 2. Short follow-up duration using NIRS. But a significant
stable multivessel CAD patients assessed by OCT: and Included OCT imaging in increase in FCT of
receiving high-dose statin compare changes inlipid  assessing plaque obstructive NCLs and
therapy content and plaque enhancement of CEC in
morphology with changes in patients with stable
LDL, HDL, apo A, and coronary artery disease
macrophage functionality
LRP Study 2019 To establish the relationship  Prospective cohort 1,271 24 months Non-Index Culprit Lesion 1. Large multicenter study 1. Follow-up duration not ~ Coronary segments at
(@2, 43) between LRPs detected by related Major Adverse design with clinical extending beyond 2 higher risk of subsequent

NIRS-IVUS at the non-culprit
sites and subsequent coronary
events from new culprit lesions

Cardiac Events (NG-MACE)
in patients and plaquein 2
association with
maxLCBI4mm 3.

endpoints;

Included plaque and
patient level endpoints;
Largest intracoronary
imaging study to identify
patients and vessel

%

segments at risk of future

clinical events

. Only a few patients had

NC-MACE were associated
with higher analyzable
maxLOBlimm > 400

years;

all 8 major vessels
scanned (average of 2.1
vessels scanned/patient)
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(DOCTORS)

Al (15) (LUMIEN 11) 450

Design

Observational

Prospective,
Randomized
Prospective,
Randomized

Comparison

OCT-guided PCI vs.
angio-guided PCI

OCT-guided PCI vs.
angio-guided PCI
OCT-guided PCI vs.
angio-guided PCI vs.
IVUS-guided PCI

Primary
endpoint

Death or Miat 1
year

Post-PCI FFR

Post-PCl MSA

Major findings

OCT-guided PCI associated with lower rate of primary
endpoint

(adjusted OR 0.49 [95%C1 0.25-0.96], p = 0.037)
OCT-guided PCl associated with higher post-PCI FFR
(0.94vs.092,p = 0.005)

OCT-guided PCI achieved non-inferior MSA (5.79
mm?) compared to IVUS-guided PCI (5.89 mm?; p =
0.001 for non-inferiority), but not superior to MSA
achieved with angio-guided PCI (6.49 mm?; p = 0.12)

Angio, engiography; FFR, fractional flow reserve; IVUS, intravesculer ultrasound; MI, myocardial inferction; MSA, minimum stent area; OCT, optical coherence tomogrephy; OR, odds
ratio; PCI, percutaneous coronary intervention.
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Modality

oCT

OCT

NIRS

NIRS

NIRS

NIRS

NIRS

NIRS

Primary endpoint

MAGE (cardiac death, acute MI, 4 year
ischemia-driven revasc)

Death and target segment MI 1 year
MAGE (all-cause mortality, non-fatal ACS, 1 year
stroke, unplanned coronary revasc)

MAGE (all-cause mortality, non-fatal ACS, =1 year
cerebrovasc events)

MACE (cardiac mortality, ACS, stroke, 5 years
unplanned revasc)

MACE (all-cause death, non-fatal ACS, 4 years
unplanned revasc)

MAGE (all-cause mortality, ACS requiring 1 year

revasc, cerebrovasc events)

MACE (cardiac death, cardiac arest, non-fatal 2 years
M, ACS, revasc, readmission for angina with
more than 20% diameter stenosis progression)

Follow up  Major findings

Non-culprit LRP in target vessel associated with
increased risk of MACE

RR 2,06 (95% Ol 1.05-4.04)

Simultaneous presence of 4 OCT features (MLA < 3.5
mm?, fibrous cap thickness <75 um, lipid arc > 180°,
macrophages) associated with primary endpoint:

HR 7.54 (95% C1 3.1-18.6)

LGB! in non-culprit coronary artery at or above median of
43 for study population associated with primary
endpoint:

HR 4.04 (95% Cl 1.33-12.29)

MaxLCBlimm =400 in non-stented segments of target
artery associated with primary endpoint:

HR 10.2 (95% Cl 3.4-30.6)

Non-target vessel LCBI >77 associated with primary
endpoint: HR 14.04 (95% Cl 2.47-133.51)

Each 100 unit increase maxLCBlamm in non-culprit artery
associated with primary endpoint:

HR 1.19(95% CI 1.07-1.32)

MaxLCBlimm 2400 in non-culprit segments of culprit
artery associated with primary endpoint:

HR 3.67 (95% Cl 1.46-9.23)

Each 100 unit increase in non-culprit maxL.CBlymm
‘associated with primary endpoint:

HR 1.18 (95% CI 1.05-1.32)

ACS, acute coronary syndrome; cerebrovasc, cerebrovascular; HR, hazard ratio; MACE, major adverse cardiovascular events; M, myocardial infarction; mo, months; NIRS, near-infrared
spectroscopy; OCT, optical coherence tomography; revasc, revascularization; RR, risk ratio.
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