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Abstract

Background and aims: We aimed to characterize the spatial proximity of plaque destabilizing 

features local endothelial shear stress (ESS), minimal luminal area (MLA), plaque burden (PB), 

and near-infrared spectroscopy (NIRS) lipid signal in high- vs. low-risk plaques.
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Methods: Coronary arteries imaged with angiography and NIRS-intravascular ultrasound (IVUS) 

underwent 3D reconstruction and computational fluid dynamics calculations of local ESS. ESS, 

PB, MLA, and lipid core burden index (LCBI), for each 3-mm arterial segment were obtained 

in arteries with large lipid-rich plaque (LRP) vs. arteries with smaller LRP. The locations of 

the MLA, minimum ESS (minESS), maximum ESS (maxESS), maximum PB (maxPB), and 

maximum LCBI in a 4-mm segment (maxLCBI4mm) were determined along the length of each 

plaque.

Results: The spatial distributions of minESS, maxESS, maxPB, and maxLCBI4mm, in reference 

to the MLA, were significantly heterogeneous within and between each variable. The location of 

maxLCBI4mm was spatially discordant from sites of the MLA (p<0.0001), minESS (p = 0.003), 

and maxESS (p = 0.003) in arteries with large LRP (maxLCBI4mm ≥ 400) and non-large LRP. 

Large LRP arteries had higher maxESS (9.31 ± 4.78 vs. 6.32 ± 5.54 Pa; p = 0.023), lower minESS 

(0.41 ± 0.16 vs. 0.61 ± 0.26 Pa; p = 0.007), smaller MLA (3.54 ± 1.22 vs. 5.14 ± 2.65 mm2; p = 

0.002), and larger maxPB (70.64 ± 9.95% vs. 56.70 ± 13.34%, p<0.001) compared with non-large 

LRP arteries.

Conclusions: There is significant spatial heterogeneity of destabilizing plaque features along 

the course of both large and non-large LRPs. Large LRPs exhibit significantly more abnormal 

destabilizing plaque features than non-large LRPs. Prospective, longitudinal studies are required 

to determine which patterns of heterogeneous destabilizing features act synergistically to cause 

plaque destabilization.
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1. Introduction

Coronary artery disease (CAD) remains the leading cause of death globally [1]. Identifying 

patients and coronary plaques at high risk of major adverse cardiovascular events 

(MACE) may augment the efficacy of existing preventive therapies and aid in the 
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development of future pre-emptive treatment strategies. Despite systemic vascular exposure 

to cardiovascular risk factors (e.g. smoking, hyperlipidemia), individual coronary arterial 

plaques have heterogeneous natural history trajectories within the same patient. Local 

anatomic, hemodynamic, and biochemical factors are important determinants of plaque 

progression, regression, and quiescence [2,3].

Plaques at increased risk of causing MACE are anatomically characterized by plaque burden 

(PB) ≥70%, minimal luminal area (MLA) ≤ 4 mm2, and thin-cap fibroatheroma (TCFA) 

morphology [3-6]. However, the positive predictive value of these anatomic features alone is 

insufficient to guide clinical decision-making. Low local endothelial shear stress (ESS) is a 

potent pro-inflammatory, pro-atherogenic hemodynamic and biomechanical stimulus that is 

associated with plaque development and progression [7-9]. When added to PB, MLA, and 

TCFA morphology, low ESS confers incremental risk of need for coronary revascularization 

[10] and MACE [11]. High ESS may also be responsible for plaque destabilization leading 

to acute myocardial infarction (MI) [12,13].

Additionally, the presence of large lipid cores within plaques has been associated with 

MACE. Plaque lipid content can be assessed with near-infrared spectroscopy (NIRS), 

which detects areas where lipid is likely to be present and provides a quantitative estimate 

of the amount of lipid present as a lipid-core burden index (LCBI). Large lipid-rich 

plaques (LRP) have been shown to be present at culprit sites of ST-elevation myocardial 

infarction (STEMI), non-STEMI, and unstable angina in cross-sectional studies [14,15], and 

prospective registry studies indicate that a maximum LCBI within a 4-mm coronary arterial 

section (maxLCBI4mm) ≥ 400 reliably discriminates culprit from non-culprit sites [15,16]. 

Additionally, maxLCBI4mm ≥ 400 in non-culprit arteries has been shown to be associated 

with increased risk for future MACE [17].

Though local ESS, PB, MLA, and NIRS lipid signal have been studied in isolation in 

various patient populations, the spatial relationships among these hemodynamic, anatomic, 

and biochemical variables are currently unknown, as is the degree to which they act 

synergistically with one another to promote plaque progression and/or destabilization. It is 

also unknown whether large LRPs are most prone to destabilize at a particular location along 

the course of the plaque, such as the maxLCBI4mm or MLA. Recent studies underscore 

the marked heterogeneity in morphology, constituents, and biomechanical influences along 

the longitudinal course of an individual plaque [18,19], heterogeneous localization of the 

site of plaque destabilization [11,18-20], and the adverse prognostic significance of such 

heterogeneity [21]. Understanding the complex interplay among these plaque elements may 

facilitate further insights into the multifaceted vascular biology of plaque progression and 

destabilization and allow for more accurate identification of high-risk coronary plaques 

likely to cause new MACE. The purpose of this study, therefore, was to explore how 

destabilizing features of local ESS patterns, PB, MLA, and NIRS lipid signal spatially relate 

to one another, and whether the spatial relationships among these variables differ in arteries 

with high-risk large LRP (defined as maxLCBI4mm ≥ 400) vs. arteries with non-large LRP 

(defined as maxLCBI4mm < 400).
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2. Patients and methods

2.1. Study population

This study analyzed patients from the Spectrum NIRS-IVUS Registry (NCT01694368), 

which is a single-center, observational registry of prospectively enrolled patients undergoing 

invasive angiography and combined NIRS-IVUS imaging. As previously described, 

inclusion criteria for participation in the registry are age ≥18, referral to the catheterization 

laboratory for clinically-indicated invasive coronary angiography and/or percutaneous 

coronary intervention (PCI), ≥1 severe coronary artery stenosis by invasive angiography 

and PCI planned for definitive treatment or found to have ≥1 intermediate coronary artery 

stenosis and IVUS planned for lesion assessment, and performance of NIRS-IVUS imaging 

within at least one coronary artery [22]. The study complies with the Declaration of 

Helsinki, was approved by the Institutional Review Board of Spectrum Health, and all 

participants provided written informed consent.

In order to compare ESS, MLA, PB, and NIRS lipid signal in arteries with and without 

large LRP, arteries from patients in the registry were randomly selected for inclusion in this 

analysis based on the presence or absence of a maxLCBI4mm ≥ 400 in a non-culprit segment. 

All arteries required at least 10 mm of interpretable NIRS-IVUS data for inclusion in this 

analysis. Arteries that had undergone PCI prior to NIRS-IVUS imaging were excluded. 

Additional exclusion criteria included the presence of artifact or poor image quality limiting 

NIRS-IVUS interpretation. Arteries with at least one maxLCBI4mm ≥ 400 in a non-culprit 

segment and arteries without a maxLCBI4mm ≥ 400 were randomly selected for inclusion 

and underwent core laboratory analysis by two imaging analysts.

2.2. Core laboratory analysis

NIRS-IVUS chemograms and maxLCBI4mm values were obtained for culprit and non-

culprit arteries. Local ESS values were obtained using validated vascular profiling 

techniques, in which biplane coronary angiography and IVUS images are used to reconstruct 

the coronary artery lumen and perform computational fluid dynamics (CFD) calculations 

[10]. Side branches were excluded from CFD calculations. Arteries that could not undergo 

full vascular profiling due to technical reasons were excluded. Customized software was 

used to merge coronary angiographic and IVUS centerlines in order to create 3-dimensional 

reconstructions of coronary arteries [23]. Each artery was divided into 3-mm segments, 

and the minimum ESS (minESS), maximum ESS (maxESS), maximum PB (maxPB), and 

minimum lumen area (MLA) for each segment was obtained. The minESS and maxESS for 

each segment were determined in a moving window of 90° arcs around the circumference 

of the vessel. The maximum LCBI value was obtained for each 4 mm segment as this 

is primary output of the NIRS-IVUS device and the maxLCBI4mm is the measure used 

in previous studies evaluating the prognostic value of LCBI. Since there is only one 

maxLCBI4mm per artery, identifying this measure within a 4-mm or 3-mm segment would 

not result in a difference in value or location.

The segment locations of minESS, maxESS, maxPB, MLA, and maxLCBI4mm were 

determined for each artery. These locations were then related to each other spatially. 
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Variables were categorized as spatially concordant if they were located at the same 3-mm 

segment or within one 3-mm segment of each other, since this degree of spatial proximity 

may pathobiologically enable and promote synergy among plaque features. Otherwise, 

variables were categorized as spatially discordant.

2.3. Statistical analysis

Continuous variables are reported as means and standard deviations and categorical 

variables as numbers and percentages. The Chi-square statistic was used to compare 

spatial heterogeneity between prognostic variables, and the binomial test to determine if 

the distribution of concordance and discordance differed for MLA, maxESS, and minESS. 

We also used linear regression to compare large and non-large LRP arteries for continuous 

measures such as maxLCBI4mm, ESS, MLA, and % area of a certain ESS threshold. P 
values were adjusted for potential correlated error due to multiple observations per patient 

with the Huber-White Sandwich Estimator. We employed logistic regression to compare 

large and non-large LRP with concordance status for MLA, maxESS, and minESS. p values 

were adjusted for potential correlated error with the Huber-White Sandwich Estimator. 

All analyses were performed with STATA software version 15 (Stata Corporation, College 

Station, Texas, U.S.A.).

3. Results

3.1. Patient characteristics

From a total of 97 arteries from 63 patients who underwent coronary angiography with 

concurrent NIRS-IVUS imaging, 60 arteries (27 large LRP and 33 non-large LRP) were 

analyzed from 49 patients (Fig. 1). Most arteries that were excluded had less than 10 mm 

NIRS-IVUS pullback, imaging artifact, and/or poor image quality. The mean age was 63 ± 

10.0 years and 67% (33/49) of patients were male. An acute coronary syndrome represented 

the indication for invasive angiography in 35% (17/49) of patients and 32% (19/60) of 

plaques. A total of 58% (11/19) of these acute coronary syndrome plaques were derived 

from culprit arteries. Patient characteristics are summarized in Table 1.

3.2. Spatial relationship of local ESS, maxPB, and maxLCBI4mm relative to site of MLA

Arteries in which maxESS (n = 3) or minESS (n = 21) was greater than 15 mm from the 

site of the MLA were excluded from this analysis because ESS beyond that distance was 

considered unlikely to be germane as a destabilizing influence for that plaque. The maxESS 

location was most frequently at the site of the MLA (28/57, 49.1%) or 3 mm proximal to 

the site of the MLA (16/57, 28.1%), and maxPB was most frequently at the site of the MLA 

(47%). In contrast, minESS was either proximal (18/39, 46.2%) or distal (21/39, 54.0%) to 

the site of the MLA but not found at the site of the MLA in any arteries. The maxLCBI4mm 

was proximal to (14/37, 37.8%), distal to (11/37, 29.7%), or at the site of (12/37, 32.4%) the 

MLA in similar proportions.

Within each prognostic variable, there was significant spatial heterogeneity along the course 

of each plaque in reference to the MLA by binomial test: minESS (p < 0.0001), maxESS 

(p < 0.0001), maxPB (p = 0.002), and LCBImax4mm (p<0.0001). Similarly, there was 
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significant spatial heterogeneity between prognostic variables along the course of each 

plaque by Chi-square: minESS vs. maxESS, p < 0.0001; minESS vs. maxPB, p < 0.0001; 

minESS vs. maxLCBI4mm, p < 0.0001; maxESS vs maxPB, p = 0.048; maxESS vs. 
maxLCBI4mm, p < 0.0001; maxPB vs. maxLCBI4mm, p = 0.005 (Fig. 2).

3.3. Characteristics of large LRP and non-large LRP arteries

The overall characteristics of large and non-large LRP arteries are summarized in Table 

2. By definition, maxLCBI4mm was higher in large LRP arteries compared with non-large 

LRP arteries (610 ± 161.4 vs. 200.1 ± 109.5; p < 0.0001). The minESS (0.41 ± 0.16 vs. 
0.61 ± 0.26 Pa; p = 0.007) and MLA (3.54 ± 1.22 vs. 5.14 ± 2.65 mm2; p = 0.002) were 

lower and the maxPB (70.94 ± 9.95% vs. 56.70 ± 13.34%, p < 0.0001) and maxESS (9.31 

± 4.78 vs. 6.32 ± 5.54 Pa; p = 0.023) were higher in large LRP arteries compared with 

non-large LRP arteries. The percentage of arterial area with low ESS <1.0 Pa was similar 

in both large and non-large LRP arteries (20.9% ± 13.8% vs. 26.0% ± 24.9%; p = 0.86), 

while the percentage of arterial area with high ESS >3.5 Pa was higher in large LRP arteries 

compared with non-large LRP arteries (35.5% ± 21.9% vs. 19.4% ± 23.8% p = 0.028). The 

distribution of different magnitudes of low and high ESS indicates no difference in low ESS 

patterns between large LRP and non-large LRP arteries (p = NS) (Supplemental Figure 1). 

There was a greater total arterial surface area and percentage of arterial surface area of high 

ESS in large LRP arteries compared with non-large LRP arteries. The frequency distribution 

of maxPB was significantly higher in larger LRP arteries compared with non-large LRP 

arteries (Supplemental Figure 2).

3.4. Spatial relationship of local ESS, MaxPB, and MLA relative to site of maxLCBI4mm

The location of the maxLCBI4mm was spatially discordant from the site of the MLA (p < 

0.0001), maxESS (p = 0.003), and minESS (p = 0.003) in the majority of arteries in both 

study groups (Fig. 3). There was no difference in the proportion of arteries with concordant 

maxLCBI4mm and site of the MLA (41% vs. 23%; p = 0.14), minESS (22% vs. 19%; p = 

0.79), maxESS (41% vs. 23%; p = 0.14), or maxPB (50% vs. 44%, p = 0.61) between the 

large and non-large LRP groups. Consequently, there was no difference in the proportion 

of arteries with discordant maxLCBI4mm with site of the MLA (59% vs. 77%; p = 0.23), 

minESS (78% vs 81%; p = 0.78), maxESS (59% vs 77%; p = 0.23), or maxPB (50% vs. 
44%, p = 0.61) between the large and non-large LRP groups.

4. Discussion

In a cohort of patients who underwent coronary angiography with simultaneous NIRS-IVUS 

imaging, there was significant spatial heterogeneity of plaque prognostic characteristics 

(minESS, maxESS, maxPB, and maxLCBI4mm) along the course of each plaque (Graphical 

abstract), both within and between high-risk characteristics. The maxESS location was most 

frequently found at, or 3 mm proximal to, the site of the MLA, while the minESS location 

was not found at the site of the MLA, but equally present proximal and distal to the MLA. 

MaxPB was primarily located at the MLA, and maxLCBI4mm was found in approximately 

equal proportions at the site of, distal to, or proximal to the MLA. Furthermore, the locations 

of the MLA, minESS, and maxESS were spatially discordant from the maxLCBI4mm in 
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most arteries, independent of the presence of large or non-large LRP. Large LRP arteries 

had lower minESS and MLA and higher maxESS and maxPB compared with non-large LRP 

arteries. Thus, arteries with large LRP, which have been shown to be a marker of higher risk 

patients, more often contain extremes of ESS as well as larger PB and smaller MLA. There 

was no difference in the arterial area of low ESS between the two groups. However, large 

LRP arteries had a greater area of high ESS compared with non-large LRP arteries, which is 

expected since the MLA was significantly smaller in large LRP arteries.

The discordance observed between the locations of the MLA, maxESS, minESS, maxPB, 

and maxLCBI4mm underscores the heterogeneity of plaque morphology and constituents 

along the course of individual plaques. This is consistent with findings from prior studies 

that have utilized virtual histology-IVUS [18,24], radiofrequency-IVUS [11], grey-scale 

IVUS [10,19] and optical coherence tomography (OCT) [25]. The fact that the site of the 

MLA was discordant with the majority of potential plaque destabilizing characteristics in the 

majority of arteries may indicate that plaque progression and destabilization do not occur at 

the site of the MLA, but proximal or distal to it. Consistent with this concept, a prior IVUS 

study demonstrated plaque rupture occurred at the site of the MLA in only 16% of culprit 

lesions. In contrast, the site of plaque rupture was either upstream or downstream from the 

MLA location in >80% of cases [26].

The findings of the present report may provide important mechanistic insights regarding 

the recently reported ISCHEMIA trial [27], in which revascularization of severe ischemia-

producing MLA obstructions did not reduce death or myocardial infarction in stable CAD 

patients over a median of 3.2 years. These findings may be explained by the fact that 

high-risk plaque areas prone to cause MACE may be located heterogeneously along the 

length of the coronary plaque and not limited to the focal MLA, as indicated by the data in 

this analysis. However, the MLA may be the area responsible for the presence and severity 

of ischemia and, therefore, a potential revascularization target. It is likely that PCI directed 

at the ischemia-producing MLA alone would leave behind adjacent pro-inflammatory and 

pro-thrombotic plaque areas that remain at high risk of destabilization.

The specific ESS pattern that leads to plaque destabilization remains an active area of 

investigation. Prior studies have implicated both high ESS [12,26] and low ESS [10,11,20] 

in plaque destabilization and MACE. The results from the current study show that areas 

of maxESS and minESS are frequently found adjacent to one another in a given artery, 

and not necessarily at the site of the maxLCBI4mm or MLA. Given the proximity of 

high and low ESS areas in the vicinity of an individual plaque, thorough intravascular 

imaging studies with detailed baseline plaque characterization and follow-up of the culprit 

location responsible for MACE will be required to discern the subtleties of local ESS 

environments. This approach may ultimately determine which ESS pattern is responsible for 

plaque progression and destabilization.

Identification of the detailed ESS nature and location responsible for plaque destabilization 

is likely very important for accurate prognostication of individual plaques. Due to 

fundamental fluid dynamics principles, every plaque with a narrow MLA will have 

associated high ESS at the throat of the obstruction. Depending on the morphology and 
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slope of the plaque luminal border up- and down-stream from the throat, however, the 

adjacent low ESS may or may not be low enough to exert a sufficiently intense pro-

inflammatory stimulus that may lead to plaque destabilization and MACE [28]. In the 

Fractional Flow Reserve versus Angiography for Multivessel Evaluation 2 (FAME 2) study, 

only 12.7% of plaques with an abnormally low fractional flow reserve and narrow MLA 

were associated with a future MACE [29]. It is possible that the minority of plaques with 

high ESS that destabilize may be those with adjacent low ESS. A recent post-hoc analysis of 

FAME-2 investigating the role of ESS in precipitation of acute MI indicated that high, and 

not low, ESS was associated with acute MI [12]. It will be necessary to investigate detailed 

plaque and ESS characteristics in plaques that lead to MACE to understand which variables, 

and in which locations, are responsible for destabilization.

The ability of NIRS-IVUS imaging to identify high-risk patients and high-risk individual 

coronary arterial plaques has been evaluated in a prospective manner in the recently 

published Lipid-Rich Plaque Study [17], which showed that elevated maxLCBI4mm in non-

culprit coronary arteries is associated with increase MACE risk on both a patient and plaque 

level. The Providing Regional Observations to Study Predictors of Events in the Coronary 

Tree II (PROSPECT II) [30] study will provide additional prospective data regarding 

the utility of NIRS-IVUS in coronary plaque risk stratification. It will be important to 

understand the spatial relationships between NIRS-IVUS findings (maxLCBI4mm, MLA, 

PB) and local ESS in plaques that destabilize and cause a new MACE from these natural 

history studies.

This study has several limitations. First, the limited sample size of 60 arteries was derived 

from 49 patients, so patients who contributed more than one artery may have biased 

the results. Second, only arteries that were sufficient for vascular profiling analysis were 

included in this study, which may have led to selection bias. Third, the study was cross-

sectional, so the temporal relationship between ESS pattern, MLA, PB, and maxLCBI4mm 

cannot be determined. Whether a particular ESS pattern (high or low) that is spatially 

concordant or discordant with maxLCBI4mm leads to plaque progression or destabilization 

can be determined only from a study that tracks these variables in patients serially over time. 

Such efforts may be more feasible using non-invasive imaging modalities, such as coronary 

computed tomography angiography [15]. Fourth, we measured flows in the coronary arteries 

excluding side branches. There are evolving techniques that include side branch blood flow, 

which may provide more accurate local ESS calculations [29]. Lastly, while ESS, MLA, 

and PB were derived for 3 mm coronary arterial segments, maxLCBI4mm was obtained for 

4 mm segments. To maintain consistency with other reports regarding the prognostic role 

of maxLCBI4mm, this metric was used in the present study. Utilization of a 4 mm instead 

of a 3 mm segment for this variable would not be expected to appreciably influence data 

interpretation, since there is only one maxLCBI4mm segment within each artery.

In conclusion, the locations of the MLA, minESS, maxESS, and maxPB were spatially 

discordant from the maxLCBI4mm in the majority of arteries from a cohort of patients who 

underwent coronary angiography with simultaneous NIRS-IVUS imaging, independent of 

the presence of large or non-large LRP. The fact that the site of the MLA was discordant 

with the other high-risk plaque characteristics in the majority of arteries may indicate that 
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plaque progression and destabilization do not occur at the site of the MLA, but rather 

either proximal or distal to the MLA. Prospective, longitudinal studies are required to 

understand which ESS patterns and spatial relationships between plaque elements predict 

plaque progression and destabilization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Study population.
Derivation of analytic study cohort.
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Fig. 2. Spatial distribution of destabilizing features.
Distribution of minESS, maxESS, maxPB, and maxLCBI4mm, in reference to MLA (n = 58 

arteries; 2 arteries with maxLCBI4mm of 0 were excluded).
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Fig. 3. Spatial concordance and discordance of destabilizing features by study group.
Spatial relationships between location of maxLCBI4mm and sites of minESS, maxESS, 

maxPB, and MLA by study group (n = 58 arteries; 2 arteries with maxLCBI4mm of 0 were 

excluded).
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Table 1
Patient characteristics.

Baseline characteristics of analytic study cohort.

Age (years) 63.3 ± 10.0

Male sex (%) 33 (67.3%)

Body mass index (kg/m2) 30.8 ± 6.5

Current smoker (%) 13 (26.5%)

Hypertension (%) 31 (63.3%)

Diabetes mellitus (%) 5 (10.2%)

Hyperlipidemia (%) 30 (61.2%)

Peripheral vascular disease (%) 4 (8.2%)

History of MI (%) 6 (12.2%)

History of PCI (%) 9 (18.4%)

ACS on presentation (%) 17 (34.7%)

Values are mean ± standard deviation or n (%).

ACS, acute coronary syndrome; MI, myocardial infarction; PCI, percutaneous coronary intervention.
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Table 2
Arterial characteristics by study group.

Characteristics of large LRP vs. non-large LRP arteries.

Large LRP (n =
27)

Non-large LRP (n
= 33)

p-value

maxLCBI4mm 610.2 ± 161.4 200.1 ± 109.5 <0.0001

Lowest ESS (Pa) 0.41 ± 0.16 0.61 ± 0.36 0.007

Highest ESS (Pa) 9.31 ± 4.78 6.32 ± 5.44 0.023

MLA (mm2) 3.54 ± 1.22 5.14 ± 2.65 0.002

Max plaque burden (%) 70.64% ± 9.95% 56.70 ± 13.31% <0.0001

% Area with ESS < 1.0 Pa 20.9% ± 13.8% 26.0% ± 24.9% 0.86

% Area with ESS > 3.5 Pa 35.5% ± 21.9% 19.4% ± 23.8% 0.028

Diameter stenosis (%, median [IQR]) 90% (55–99%) 40% (30–60%) <0.0001

ESS, endothelial shear stress; IQR, interquartile range; LCBI, lipid core burden index; LRP, lipid rich plaque; MLA, minimal luminal area.
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