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Abstract

OBJECTIVES—This study aimed to systematically investigate whether plaque autofluorescence 

properties assessed with intravascular fluorescence lifetime imaging (FLIm) can provide 

qualitative and quantitative information about intimal composition and improve the 

characterization of atherosclerosis lesions.

BACKGROUND—Despite advances in cardiovascular diagnostics, the analytical tools and 

imaging technologies currently available have limited capabilities for evaluating in situ 

biochemical changes associated with luminal surface features. Earlier studies of small number 

of samples have shown differences among the autofluorescence lifetime signature of well-defined 

lesions, but a systematic pixel-level evaluation of fluorescence signatures associated with various 

histological features is lacking and needed to better understand the origins of fluorescence 

contrast.

METHODS—Human coronary artery segments (n=32) were analyzed with a bimodal catheter 

system combining multispectral FLIm with intravascular ultrasonography, compatible with in 

ADDRESS FOR CORRESPONDENCE: Dr. Laura Marcu, Department of Biomedical Engineering, University of California, Davis, 
2513 GBSF, 451 E. Health Sciences Dr., Davis, California 95616. Tel: 530-752-0288; fax: 530-754-5739; lmarcu@ucdavis.edu. 

Disclosures: The intravascular ultrasonography system and additional related components used for this work were provided by Boston 
Scientific.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
JACC Cardiovasc Imaging. Author manuscript; available in PMC 2022 September 01.

Published in final edited form as:
JACC Cardiovasc Imaging. 2021 September ; 14(9): 1832–1842. doi:10.1016/j.jcmg.2020.10.004.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



vivo coronary imaging. Various histologic components present along the luminal surface (200-μm 

depth) were systematically tabulated (12 sectors) from each serial histological section (n=204). 

Morphologic information provided by ultrasonography allowed for the accurate registration 

of imaging data with histology data. The relationships between histologic findings and FLIm 

parameters obtained from three spectral channels at each measurement location (n=33,980) were 

characterized.

RESULTS—Our findings indicate that fluorescence lifetime from different spectral bands can 

be used to quantitatively predict the superficial presence of macrophage foam cells (mFCs) (ROC

AUC: 0.94) and extracellular lipid content in advanced lesions (lifetime increase in 540-nm band), 

detect superficial calcium (lifetime decrease in 450-nm band ROC-AUC: 0.90), and possibly 

detect lesions consistent with active plaque formation such as pathological intimal thickening and 

healed thrombus regions (lifetime increase in 390-nm band).

CONCLUSIONS—Our findings indicate that autofluorescence lifetime provides valuable 

information for characterizing atherosclerotic lesions in coronary arteries. Specifically, FLIm can 

be used to identify key phenomena linked with plaque progression (e.g., peroxidized-lipid–rich 

mFC accumulation and recent plaque formation).

Keywords

Imaging; Atherosclerosis; Coronary Artery Disease; Inflammation; Lipids and Cholesterol; 
Ultrasonography; Percutaneous Coronary Intervention Imaging; Atherosclerosis; Coronary Artery 
Disease; Inflammation; Ultrasound

INTRODUCTION

Critical coronary events have been associated with the rupture of a thin fibrotic cap, the 

presence of abundant inflammatory cells (primarily macrophages), and the formation of 

thrombus on the eroded intima (1,2). Despite advances in cardiovascular diagnostics, the 

analytical tools and imaging technologies currently available have limited capabilities for 

measuring biochemical changes at the luminal surface associated with features known to 

play a role in the progression and destabilization of atherosclerotic lesions (3).

Fluorescence lifetime–based techniques utilize the autofluorescence properties of 

endogenous molecular complexes, including lipids, lipoproteins, structural proteins 

(eg, elastin, collagen, proteoglycans), and their cross-links (4), to assess biochemical 

composition. Several studies have shown that time-resolved fluorescence spectroscopy (5,6) 

and, more recently, point-scanning fluorescence lifetime imaging (FLIm) (7–9) can resolve 

variations in biochemical compositions associated with distinct stages of plaque progression. 

Moreover, the suitability of FLIm for in vivo assessment of narrow coronary vessels 

during cardiac catheterization (10) was demonstrated by using a bimodal FLIm/intravascular 

ultrasonography (IVUS) catheter system and, more recently, in combination with optical 

coherence tomography (11).

Despite these advances, the full diagnostic potential of FLIm has not been fully explored. 

Although studies (7,12) have shown that autofluorescence-derived optical parameters can be 

related to the presence of specific molecular species (eg, collagen, elastin), distinctive cell 
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types (eg, macrophages), or morphologic characteristics (eg, lipid pool under a thin fibrotic 

cap), these studies were limited to well-defined lesions. Systematic studies linking FLIm 

parameters with the specific biochemical makeup of arterial plaque are lacking.

Accordingly, the primary goal of our study was to determine, at the pixel level, whether 

the rich spatial variation of FLIm-derived parameters observed over the luminal surface of 

diseased human coronary arteries is quantitatively linked to the presence of various plaque 

constituents. We further determined whether FLIm data could be used to better characterize 

atherosclerotic plaque to support the diagnosis of critical plaque pathophysiology.

METHODS

FLIm-IVUS Imaging System.

This system comprises a multimodal catheter, a motor drive, and a console that enable 

the acquisition of coregistered IVUS (40 MHz) and FLIm data at 30 frames/s. This 

system can be used in vivo to image coronary arteries (10). Briefly, pulsed ultraviolet 

laser light (355 nm) induces autofluorescence from tissues that can be separated into 4 

distinct spectral bands of the instrument (390/40 nm, 450/45 nm, 540/50 nm, and 630/53 

nm). A photomultiplier detects the fluorescence signal, which is then sampled with a high

speed digitizer and saved for further processing. Details are presented in the Supplemental 

Methods section and in Supplemental Figures 1–2.

Specimens.

Coronary arteries were procured from patients undergoing heart transplant (n=9) and organ 

donors (n=23) according to protocols approved by the institutional review boards at the 

University of Pennsylvania and the University of California, Davis. Donor and transplant 

patient characteristics are shown in Supplemental Table 1.

Imaging Procedure.

Mounted artery segments were immersed in a 37°C saline bath with luminal flushing (3 

cm3/s), and imaging pullbacks were performed (5 s, 20–50 mm length, 150 FLIm-IVUS 

cross-sectional images). The imaging depth was approximately 200 μm for FLIm and 3˗4 

mm for IVUS.

FLIm-IVUS Data.

Both average fluorescence lifetime and spectral ratio values were computed for each pixel 

with a Laguerre basis expansion technique (13). For each FLIm parameter, en face maps 

were generated in which each pixel location corresponded to a distinct angular and axial 

pullback position. FLIm data were mapped onto the IVUS-derived vessel lumen to generate 

3D FLIm maps and IVUS-FLIm overlay images (Supplemental Figures 2B–D and 3).

Histology.

Serial sectioning of perfusion-fixed (10% neutral-buffered formalin) paraffin-embedded 

artery samples (5-μm thick, 250 μm intervals) was performed. Sections were stained 

with hematoxylin and eosin stain and modified Movat’s pentachrome. Anti-CD68 (Dako 
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North America, Inc, Carpinteria, CA) and anti-α-SMC-actin (Sigma-Aldrich, St. Louis, 

MO) antibodies were used to identify macrophages and smooth muscle cells (SMCs), 

respectively. A subset of sections (n=48 from 8 arteries) were obtained by cryosectioning 

(5 μm thick) and staining with H&E and Oil Red O to identify lipid content. These were 

not included in the systematic analysis, but rather used to confirm findings from paraffin

embedded sections.

Lesion Classification.

Each FLIm-IVUS image was equally divided into 12 sectors (Supplemental Figure 2G). 

Plaque morphology was assessed along the entire IVUS imaging depth and classified 

according to the modified morphologic classification system of the American Heart 

Association (2,14) as adaptive intimal thickening (AIT), intimal xanthoma (IX), pathologic 

intimal thickening (PIT), fibrous and fibrocalcific (F-FC), plaque rupture (PR), early 

fibroatheroma (EFA), late fibroatheroma (LFA), or thin-cap fibroatheroma (TCFA). See the 

Supplemental Methods section for details.

Tabulation of Histologic Features.

For each sector, a list of histologic features was systematically evaluated. This assessment 

was performed over a depth of 200 μm from the luminal surface to match the expected 

FLIm penetration. Fibrous tissue types were classified as cellular fibrous, hypocellular 

dense fibrous, or loose fibrous. Cellular fibrous tissue was composed primarily of smooth 

muscle cells in a predominantly proteoglycan-rich extracellular matrix (ECM). Hypocellular 

fibrous tissue contained relatively low cellularity, often with dense collagen. Loose fibrous 

tissue had variable cellularity, with an arrangement of relatively thinner collagen fibrils. 

Movat’s pentachrome staining was used to broadly assess ECM composition, which was 

qualitatively categorized as predominantly collagen rich, proteoglycan rich, a collagen and 

proteoglycan admixture, or containing extracellular lipid (ECL). Grading of smooth muscle 

cells (identified by α-SMA immunostaining) and mFC cellularity (identified by CD68 

staining) was performed by using semiquantitative scales, as detailed in the Supplemental 

Methods. Medial smooth muscle cells percentage, calcification, hemorrhage, and necrotic 

core were recorded as a percentage (0–100%) of the region of interest. For calcification, 

proximity to the lumen was recorded as superficial, within 100 μm, within 200 μm, or 

beyond 200 μm. The internal elastic lamina was recorded as present or absent within the 

region of interest. Most CD68+ cells in the coronary arteries are mFCs and, thus, are 

referred to as such unless noted otherwise.

Coregistered Histology and Imaging Dataset.

Each histologic ring was matched to its respective IVUS image. This coregistration was 

performed on the basis of pullback distance information, anatomic landmarks (eg, arterial 

branches or calcification patterns), and luminal shape (Supplemental Figure 4). For each 

section of the imaging dataset, the arc of each angular sector was adjusted to account 

for tissue deformation during the fixation process. For each sector, individual FLIm 

measurements (ie, pixel) were associated with the tabulated histology values from that 

sector. The study database consisted of 33,980 pixels from 2448 locations (30° arc) obtained 

from 204 sections of 32 artery segments.
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Statistical and Machine Learning Methods.

A Shapiro-Wilk test showed that FLIm-derived parameters were not normally distributed. 

Therefore, the sector-averaged FLIm parameters associated with histologic features were 

evaluated for statistically significant variations by using a Kruskal-Wallis test with a 

Mann-Whitney U test for pairwise comparisons. No adjustments were made for correlated 

observations within individuals. We used a piecewise linear regression model based on 

540-nm lifetime to quantify mFC presence. The model was evaluated by a leave-one-out 

cross-validation approach, whereby a full artery segment was removed for each fold. The 

consistency of the model across folds was assessed by reporting the coefficients of the linear 

piecewise linear regression obtained for each fold (Supplemental Figure 5). We evaluated the 

ability to detect inflammation by computing the receiver operator characteristic (ROC) curve 

for the pixel-level identification of non-inflamed and inflamed locations (<10%: mFC scores 

0–1 vs. >10%: mFC score 2–4) and of non-inflamed and highly inflamed locations (<10%: 

mFC scores 0–1 vs. >10%: mFC score 3–4). ROC curves were calculated by comparing 

the true positive rate and false positive rate of point measurements to identify the effect 

of varying predictor output cut-off threshold values. An ROC analysis was also performed 

on the detection of superficial calcification. The output of the classifier was displayed 

as a 3D rendering of the mFC score, with FLIm-IVUS cross sections and corresponding 

CD68-stained histology sections.

RESULTS

We performed univariate analysis to compare FLIm parameters (averaged within each 

section) with the associated tissue characteristics identified on histologic analysis. No 

adjustments were made for correlations that may exist between observations within each 

coronary segment; thus, the reported p-values may overestimate the differences in FLIm 

signature between different lesions phenotypes and compositions. Results for select FLIm 

parameters by lesion type, ECM composition, and mFC are presented below. Comprehensive 

results from the univariate analysis, including the number of samples and sectors for each 

group, are shown in Supplemental Figures 6–12.

Lesion Type.

Normal arteries showed the shortest lifetimes in the 390-nm and 540-nm bands (Figure 1). 

The first group of lesions (ie, AIT, F-FC, IX) showed slightly prolonged 390-nm lifetimes, 

whereas the remainder of the lesions (ie, PIT, EFA, LFA, TCFA, PR) showed the longest 

390-nm lifetimes. A somewhat different picture was seen for 540-nm lifetimes. Normal, 

AIT, and F-FC lesions showed the shortest lifetimes, whereas PIT, IX, PR, EFA, and 

LFA lesions showed longer lifetimes with wide distributions, and the TCFA lifetime was 

consistently long. Some of the features used to determine lesion type (deeper lipid pools, 

calcifications, necrotic core) are beyond the penetration depth of FLIm, leading to the 

overlap of FLIm signatures observed for various plaque subtypes.

ECM Composition and Superficial Calcification.

The 390-nm and 450-nm bands’ lifetime distributions for each tabulated ECM composition 

(Figure 1B, see Supplemental Figure 10 for all spectral bands) illustrate that the presence of 
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ECL in the matrix was associated with longer lifetimes (P<0.0001). In locations of longer 

390-nm lifetime (Figure 2), ECL was absent within the FLIm penetration depth; thus, ECL 

was not the direct cause of the observed FLIm contrast. This finding was corroborated by the 

wide distribution of 390-nm lifetimes observed in collagen and collagen-proteoglycan–rich 

lesions (Figure 1B), confirming that ECL was not causing the observed 390-nm contrast, 

although prolonged lifetime was most prevalent in lesions where deeper ECL accumulation 

was present, such as PIT, FA, and PR (Figure 2I). Focusing on the fibrous type classification 

(Supplemental Figure 7), we found that prolonged 390-nm lifetime was most prevalent 

in superficial cellular layers of complex lesions and loose fibrous areas, both typically 

associated with newly formed tissue (15), as shown in Figure 2J–K. Finally, the presence of 

superficial calcium was associated to a shorter 450-nm lifetime than all other compositions 

(P<0.0001) (Figure 1B). Fibrocalcific lesions where calcifications abutted the lumen showed 

a markedly reduced 450-nm lifetime signature (ROC-AUC=0.90, Figure 3).

mFC Cellularity Score and Lipid Content.

Locations characterized by higher mFC scores were associated with a significantly 

prolonged 540-nm band lifetime (P<0.0001), except for locations with scores 3 and 4 

(Figures 1A and 4, and Supplemental Figure 14). In contrast, at 390 nm, only score 0 

was significantly different from the higher scores. This result is consistent with the longer 

540-nm lifetime reported for PIT, EFA/LFA/TCFA, and PR, which are characterized by 

high levels of mFCs. Locations associated with extracellular lipid, in the absence of mFC 

infiltration, only showed a slightly higher 540-nm lifetime (+18%) (Figure 4K–M). A 

site containing epicardial adipose tissue showed a similarly extended lifetime, suggesting 

that a FLIm signal at 540 nm is highly sensitive to intracellular oxidized lipid content. 

Hemosiderin-rich macrophage clusters led to a short 540-nm lifetime (Supplemental Figure 

13B–C), making them easily differentiated from the more typical lipid-laden mFCs present 

at separate locations within the same artery.

mFC Predictor.

Figure 5 shows the agreement between mFC ratings predicted from 540-nm band lifetime 

and the mFC content as assessed by CD68-staining on histologic sections. For all samples 

studied, the predictor showed good agreement with mFC histologic scoring performed by 

the pathologist (r=0.52; Figure 5J). For reference, a comparison of mFC scoring for select 

locations between 2 pathologists showed a correlation coefficient of 0.83 (Figure 5K). 

Supplemental Figure 14 shows another case study of mFC score prediction. The ROC 

curve analysis shows the ability to discriminate between inflamed (>10% mFC area) and 

non-inflamed locations (>10% mFC area) by 540-nm lifetime (ROC-AUC: 0.86, Figure 5L). 

Focusing on highly inflamed locations (>25% mFC area) further improved discrimination 

(ROC-AUC: 0.94).

DISCUSSION

In this study, we systematically examined the relationship between FLIm-derived parameters 

and the biochemical makeup of distinct pathologic features of arterial lesions. Our findings 

indicate that parameters from 3 spectral bands can be used to detect superficial calcium, 
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quantitatively predict the presence of mFCs in the luminal layers, and possibly detect 

recent plaque accumulation. Importantly, this study was performed with a FLIm-IVUS 

catheter system suitable for in vivo imaging of coronary arteries (10), indicating that FLIm 

technology is ready for clinical translation.

Imaging validation approach.

To our knowledge, this is the first reported comprehensive evaluation of FLIm imaging 

data at the pixel level. We utilized the rich spatial variations of the FLIm signature over 

the intimal surface and performed a systematic assessment of biochemical and histologic 

features that captures the heterogeneous distribution of plaque constituents. In contrast to 

previous fluorescence lifetime–based studies of the coronary arteries that were limited to 

well-defined lesions (6–8), our study integrated all luminal regions of each arterial ring so 

that the FLIm signature could be evaluated with respect to varying levels of constituents 

in the arterial wall. Because of the limited penetration of ultraviolet light into tissue, FLIm 

imaging provides information about the superficial layers of the lesions (ie, “sectioning”) 

thought to be highly relevant in the pathophysiology of atherosclerotic lesions.

The fine coregistration of the imaging data with histology sections, using IVUS to 

provide morphologic information (branches, calcifications, lumen shape), is paramount 

for performing a robust evaluation of the correspondence between the FLIm signature 

and histologic features. During this fine registration process, the FLIm information was 

withheld, avoiding the introduction of possible bias into the study.

Use of FLIm Parameters in the Red-shifted Wavelengths (540-nm band) for the Prediction 
of Superficial mFC Infiltration.

The infiltration of macrophages and their subsequent conversion into mFCs marks an 

inflammatory process that plays a critical role in both the progression and destabilization 

of atherosclerotic lesions (16). The early retention of matrix-bound lipoproteins (14,17,18) 

causes trafficking macrophages to internalize, metabolize, and accumulate a large amount 

of lipids. Initially, most lipids are stored as cholesteryl ester fatty acids (19); however, with 

time, the amount of peroxidized lipid–protein compounds increases. Some of these lipid 

compounds exhibit strong fluorescence emission upon ultraviolet excitation (4,5,20).

Although the idea that a link exists between intimal mFC accumulation and FLIm signatures 

was suggested previously (21), our results show for the first time that mFC presence is 

directly linked to changes in 540-nm lifetime. We showed that increased 540-nm lifetimes 

were strongly correlated with increased levels of mFC infiltration, allowing the creation 

of a predictor that can map the location and degree of mFC infiltration over the vessel 

lumen surface with high accuracy. This method compares favorably with the identification 

of macrophages by intravascular optical coherence tomography, which requires image 

processing by expert readers in a core laboratory (22) and is subject to artifacts (23). This 

wavelength range does not correspond to the fluorescence emission of all pure forms of 

lipids, but it has been linked with the fluorescence emission properties of the peroxidized 

lipids–proteins complex ceroid (4,20), which are byproducts of the uptake and oxidation 

of low-density lipoprotein by macrophages (20,24,25). Poor degradation of oxidized low
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density lipoprotein leads to their accumulation in foam cells, which are associated with cell 

injury and necrosis (20). In addition, a cytotoxicity effect was shown in vitro, which may 

lead to lesion irreversibility by the formation of a “death zone” (26). Future studies are 

warranted to establish the link between peroxidized lipids content and lesion progression. 

We also determined that accumulation of iron-rich macrophages led to a similar red-shifted 

emission but a short lifetime, suggesting that these macrophages could potentially be 

differentiated from lipid-rich mFCs.

Potential Use of FLIm Parameters in the Blue-shifted Wavelengths (390-nm band) to 
Highlight New Plaque Accumulation.

We observed strong variations in lifetime values across the luminal surface, which were 

lowest for healthy and fibrous or fibrocalcific regions and highest for PIT, fibroatheroma, 

and PR. Initially, this may suggest an association with ECL, but no histological evidence 

of ECL presence within the penetration depth of FLIm could be found in many locations 

of increased 390-nm lifetime (Figure 2E, G). This finding is reflected in the wide 390-nm 

lifetime distribution observed in collagen- and proteoglycan-rich superficial layers lacking 

superficial ECL (Figure 1B).

Because the increase was observed in PIT lesions (considered to be early progression-prone 

entities) (27) and healed thrombus in complex layered plaques, 390-nm lifetime contrast 

may indicate areas of active plaque growth. If confirmed, this finding would be of great 

clinical significance.

The spectral overlap of various fluorescent biochemical species (ie, lipids, elastin, 

collagen, proteoglycans) (4) in this wavelength range and the colocalization of lipids 

and proteoglycans as described in the early retention hypothesis (14,17,18) prevented the 

unambiguous association of lifetime changes with the abundance of a particular species. Our 

results indicate that the concurrent lifetime and spectral ratio increases in the blue-shifted 

spectral range point to the contribution of a single fluorophore (Supplemental Figure 15). 

Identifying this fluorophore could be the objective of future studies.

Complementarity with existing intravascular imaging techniques.

We showed that FLIm can reliably quantify superficial inflammation and provide 

information about ECM composition, which existing intravascular imaging modalities 

cannot do. These FLIm-derived data are complementary to compositional information 

derived from existing intravascular imaging techniques. For example, radiofrequency 

analysis of the IVUS backscatter signal (IVUS-VH) can detect necrotic cores but has no 

sensitivity to plaque inflammation and lacks the spatial resolution to provide information 

about a plaque’s intimal surface. Near-infrared spectroscopy has a well-documented ability 

to detect lipid-core plaques but is not sensitive to inflammation and cannot differentiate 

between superficial and deeper accumulations. Optical coherence tomography provides 

exquisite high-resolution images of a plaque’s morphology, but whether it can reliably 

identify macrophages is unclear (28).
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Study Limitations.

Univariate comparison was performed without adjustments for correlated observations 

within each sample, thus the p-values reported here may be underestimated. To compensate 

for this limitation, the univariate analysis findings were corroborated with ROC analysis 

performed using a leave-one-sample-out approach that is not affected by the dependence 

between multiple observations for the same artery segment. Our findings in ex vivo 

specimens require validation in vivo to confirm that similar contrast can be observed. The 

source of the 390-nm band signaling could not be elucidated from histological findings 

alone and will require further investigation by additional methodologies. Furthermore, 

confirming this wavelength as a marker of active plaque growth may require multi–time

point in vivo studies.

Conclusion

Intravascular spectroscopy with the use of FLIm provides valuable information for 

characterizing atherosclerotic lesions in coronary arteries. More specifically, FLIm supports 

the identification of atherosclerotic plaque of various morphologies, from early progression

prone lesions to advanced ones, and the quantification of inflammatory activity. This 

information improves our understanding of plaque development and may ultimately be used 

to improve risk assessment in patients at risk of acute coronary events.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS AND ACRONYMS

AIT adaptive intimal thickening

ECL extracellular lipid

ECM extracellular matrix

EFA early fibroatheroma

F-FC fibrous-fibrocalcific

FLIm fluorescence lifetime imaging

IVUS intravascular ultrasonography

IX intimal xanthoma

LFA late fibroatheroma
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PIT pathological intimal thickening

PR plaque rupture

TCFA thin-cap fibroatheroma
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Perspectives

COMPETENCY IN MEDICAL KNOWLEDGE:

The autofluorescence signature of the arterial wall is modified by the presence of 

different constituents, which can be identified from their lifetime and spectral properties. 

Superficial macrophage foam cells generate a strong lifetime increase in the red-shifted 

wavelengths, whereas matrix components associated with superficial calcification and 

recent plaque formation are identified in the blue and near-ultraviolet wavelengths.

TRANSLATIONAL OUTLOOK:

Fluorescence lifetime is ready for clinical translation, and future work will focus on the 

design, manufacturing, and regulatory activities required to support clinical studies with 

intravascular FLIm. These studies are needed to confirm during percutaneous coronary 

intervention that the FLIm contrast observed in ex vivo coronary samples is also present 

in patients. Additionally, confirmation that newly formed lesion can be identified with 

FLIm may require multi–time-point studies.
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Figure 1. Evaluation of fluorescence lifetime imaging (FLIm) signatures for select histologic 
compositions.
FLIm signals are shown at multiple wavelength bands for select histologic features. Pairwise 

comparisons were performed on the averaged FLIm parameters for each 30° sector by 

using a Mann-Whitney U test to compare the differences between groups (P<0.0001) 

and are displayed in matrix form. No adjustments were made for correlated observations 

within artery segments. (A) 390-nm band: Normal (NOR) locations show the shortest 

lifetime. Pathologic intimal thickening [PIT], plaque rupture [PR], early/late fibroatheroma 

[EFA/LFA], and thin-cap fibroatheroma [TCFA] show the highest lifetimes. 540-nm band: 

Adaptive intimal thickening (AIT), and fibrous and fibrocalcific (F-FC) regions show the 

shortest lifetimes. TCFA locations show long 540-nm lifetimes. Other lesion types show 

wider distributions of lifetimes. (B) Extracellular matrix (ECM) composition was evaluated 

based on the presence of collagen (Col), proteoglycan (Pg), extracellular lipid (ECL), 

and calcification (Cal; 100% at lumen). Fibrotic regions (which are Col-Pg rich) present 

shorter 390-nm and 450-nm lifetimes than lipid–rich regions. The presence of superficial 

calcification was linked to a significantly decreased 450-nm lifetime. (C) Locations with 

increased macrophage foam cell (mFC) scores show an increased average lifetime in the 

540-nm band but little lifetime variation in the 390-nm band.
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Figure 2. Increased 390-nm lifetime values in progressing lesions.
(A, B, C, E, F, G) Pathologic intimal thickening (PIT) lesions show greater 390-nm 

lifetime values than healthier adaptive intimal thickening (AIT) or solid fibrocalcific (FC) 

lesions. The absence of oil red O staining within the FLIm penetration depth (~200 μm) 

in some lesions indicates that the contrast is not caused by extracellular lipids. (I) For 

collagen-rich extracellular matrix (ECM) locations (without ECL at the intimal surface), 

longer 390-nm lifetimes are associated with ECL-rich lesion types. Thus, these lesions 

may also show superficial compositional changes to which FLIm is sensitive. (D, H) 

The early fibroatheroma (EFA) region shows that the strong presence of macrophage 

foam cells (intracellular lipids) does not lengthen 390-nm lifetimes. (J,K) In multilayered 

lesions, newly incorporated (superficial) layers often show prolonged 390-nm lifetime, 

suggesting a link between 390-nm contrast and active plaque growth. F: fibrous tissue; FC: 

fibrocalcific; LFA: late fibroatheroma; IX: intimal xanthoma; PR: plaque rupture; TCFA: 

thin-cap fibroatheroma. Scale bar=1 mm.
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Figure 3. Contrast of fluorescence lifetime imaging (FLIm) signal at 450 nm consistent with the 
presence of superficial calcium.
(A,C) Movat’s pentachrome–stained section of fibrocalcific plaques with a thin fibrous layer 

between calcium and the lumen (red box) and calcium at the lumen (blue box). (B,D) 

Corresponding FLIm–IVUS images depict that shorter lifetime is present only in areas 

with superficial calcium. (E) Regions with calcification at the lumen (blue) present shorter 

lifetime values at 460 nm than regions without superficial calcium (red). The number of 

FLIm pixels (number of locations/number of subjects) is specified for each group. (F) ROC 

curve computed for the pixel-level identification of superficial calcium indicates robust 

identification of these locations. Scale bar=1 mm.
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Figure 4. Correlation of fluorescence lifetime imaging (FLIm) signal at 540 nm with macrophage 
foam cell (mFC) infiltration.
(A-D) Representative 540 nm FLIm–intravascular ultrasonography (IVUS) images 

illustrating increasing mFC scores. (E-H) Corresponding histology sections. (I) Lifetime 

histogram representing each mFC score in the dataset. The number of FLIm pixels (number 

of locations/number of subjects) for each mFC score is specified. (J) The presence of 

extracellular lipid (ECL) in the absence of mFCs led to moderately increased 540-nm 

lifetimes (+15%). The FLIm-IVUS images at 540 nm show increased lifetimes in the 4th 
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quadrant (black arrowhead) (K). This location has mFCs in the CD68 section (L) but 

no superficial lipids in the Oil Red O section (M). In contrast, the 3rd quadrant (white 

arrowhead) presents superficial lipids but no mFCs and shows a limited increase in lifetime, 

illustrating that mFCs, independent from lipids, generate lifetime contrast. Scale bar=1 mm.
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Figure 5. Case study of macrophage foam cell (mFC) prediction rendered in 3D.
(A) 3D rendering of the artery’s luminal surface with the predictor rating. Four locations 

(B, C, F, G) for which histology was tabulated (D, E, H, I) are shown. For each section, 

the predicted distribution of mFCs closely matched the histologic findings. (J) Comparison 

of the predictor, derived from the 540-nm lifetime, with the pathologist-rated mFC scores. 

(K) Comparison of interobserver readings (pathologist 1 vs. pathologist 2) to evaluate the 

repeatability of mFC scoring by expert readers. (K) ROC curves computed for the pixel

level identification of FC infiltration (<10% vs. >10%, <10% vs. >25%) indicate robust 

identification of these locations.
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Central Illustration. Plaque characterization with IV-FLIm
Intravascular fluorescence lifetime enables label-free identification of lesions consistent with 

new plaque formation (390-nm band, left) and quantification and prediction of superficial 

macrophage foam cell infiltration (540-nm band, right)
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