1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2024 April 10.

-, HHS Public Access
«

Published in final edited form as:
Arterioscler Thromb Vasc Biol. 2023 July ; 43(7): €279-e290. doi:10.1161/ATVBAHA.123.319332.

Latent Coronary Plaque Morphology From Computed
Tomography Angiography, Molecular Disease Activity on
Positron Emission Tomography, and Clinical Outcomes

Jacek Kwiecinski”,
Marton Kolossvary”,
Evangelos Tzolos,
Mohammed N. Meah,
Philip D. Adamson,
Nikhil V. Joshi,
Michelle C. Williams,
Edwin J.R. van Beek,
Daniel S. Berman,
P&l Maurovich-Horvat,
David E. Newby,
Marc R. Dweck,
Damini Dey,

Piotr J. Slomka

Departments of Medicine (Artificial Intelligence in Medicine), Imaging, and Biomedical Sciences,
Cedars-Sinai Medical Center, Los Angeles, CA (J.K., E.T., D.S.B., D.D., PJ.S.). Department of
Interventional Cardiology and Angiology, Institute of Cardiology, Warsaw, Poland (J.K.). Gottsegen
National Cardiovascular Center, Budapest, Hungary (M.K.). Physiological Controls Research
Center, University Research and Innovation Center, Obuda University, Budapest, Hungary
(M.K.). BHF Centre for Cardiovascular Science (E.T., M.N.M., M.C.W., E.J.R.v.B., D.E.N.,
M.R.B.) and Edinburgh Imaging, Queens Medical Research Institute (E.J.R.v.B.), University of
Edinburgh, United Kingdom. Christchurch Heart Institute, University of Otago, Christchurch, New
Zealand (P.D.A.). Bristol Heart Institute, University of Bristol, United Kingdom (N.V.J.). MTA-SE
Cardiovascular Imaging Research Group, Department of Radiology, Medical Imaging Centre,
Semmelweis University, Budapest, Hungary (P.M.-H.).

Abstract

Correspondence to: Piotr J. Slomka, PhD, Cedars-Sinai Medical Center, 8700 Beverly Blvd, Metro 203, Los Angeles, CA 90048.
piotrslomka@cshs.org.
J. Kwiecinski and M. Kolossvary contributed equally.
Disclosures None.
Supplemental Material
Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.123.319332.
For Sources of Funding and Disclosures, see page €289.


https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.123.319332

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kwiecinski et al. Page 2

BACKGROUND: Assessments of coronary disease activity with 18F-sodium fluoride positron
emission tomography and radiomics-based precision coronary plaque phenotyping derived from
coronary computed tomography angiography may enhance risk stratification in patients with
coronary artery disease. We sought to investigate whether the prognostic information provided by
these 2 approaches is complementary in the prediction of myocardial infarction.

METHODS: Patients with known coronary artery disease underwent coronary 8F-sodium
fluoride positron emission tomography and coronary computed tomography angiography on a
hybrid positron emission tomography/computed tomography scanner. Coronary 18F-NaF uptake
was determined by the coronary microcalcification activity. We performed quantitative plaque
analysis of coronary computed tomography angiography datasets and extracted 1103 radiomic
features for each plaque. Using weighted correlation network analysis, we derived latent
morphological features of coronary lesions which were aggregated to patient-level radiomics
nomograms to predict myocardial infarction.

RESULTS: Among 260 patients with established coronary artery disease (age, 65+9 years;

83% men), 179 (69%) participants showed increased coronary 18F-NaF activity (coronary
microcalcification activity>0). Over 53 (40-59) months of follow-up, 18 patients had a myocardial
infarction. Using weighted correlation network analysis, we derived 15 distinct eigen radiomic
features representing latent morphological coronary plaque patterns in an unsupervised fashion.
Following adjustments for calcified, noncalcified, and low-density noncalcified plague volumes
and 18F-NaF coronary microcalcification activity, 4 radiomic features remained independent
predictors of myocardial infarction (hazard ratio, 1.46 [95% CI, 1.03-2.08]; P=0.03; hazard ratio,
1.62 [95% CI, 1.04-2.54]; P=0.02; hazard ratio, 1.49 [95% CI, 1.07-2.06]; P=0.01; and hazard
ratio, 1.50 (95% CI, 1.05-2.13); P=0.02).

CONCLUSIONS: In patients with established coronary artery disease, latent coronary plaque
morphological features, quantitative plaque volumes, and disease activity on 18F-sodium fluoride
positron emission tomography are additive predictors of myocardial infarction.

GRAPHIC ABSTRACT:

A graphic abstract is available for this article.
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Advanced cardiac imaging is a promising tool to enhance the risk stratification of patients
with coronary artery disease (CAD). Through the identification of coronary plague activity,
18F-sodium fluoride positron emission tomography (18F-NaF PET) can identify culprit
plaques in patients with acute myocardial infarction and predict disease progression and
future adverse events in subjects with stable CAD.1~ In addition, volumetric plaque analysis
of coronary computed tomography angiography (CCTA) is an independent predictor

of adverse cardiac events and complements PET-based plaque activity assessments.3:5~7
Beyond plaque volumes, CCTA can also be used for precision phenotyping of CAD

using radiomics.® By identifying latent plaque morphological features that are not captured
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by standard CCTA analysis, radiomics enables a more detailed description of CAD
phenotypes.8 Prior reports have shown that CCTA radiomic analysis detects vulnerable
plaques in patients with stable disease as validated by invasive and histological reference
standards.%10

Information regarding disease activity (assessed by 18F-NaF PET) and plaque phenotypes
(assessed by CCTA) can be obtained in a single imaging session using a hybrid

PET/CT scanner. However, the complex interplay between molecular disease activity and
latent plaque morphology is poorly understood. Furthermore, whether this information is
complementary in predicting adverse events remains to be clarified. Therefore, we aimed
to evaluate the associations between coronary plaque activity on PET and latent radiomic
plaque morphology as assessed by CCTA radiomics and to investigate whether employing
both these approaches further enhances risk stratification of patients with established
disease.

METHODS
Study Population

Imaging

The data underlying this article were provided by Cedars-Sinai Medical Center and

The University of Edinburgh. Data can be shared on request to the corresponding

author with permission from the contributing sites. We performed a post hoc analysis

of prospective studies where patients underwent hybrid coronary 18F-NaF PET and

CCTA (https://www.clinicaltrials.gov; Unique identifiers: NCT01749254, NCT02110303,
NCT02607748).211.12 Al patients had established CAD (with a history of either myocardial
infarction or coronary revascularization) and underwent a comprehensive baseline clinical
assessment including invasive coronary angiography and evaluation of their cardiovascular
risk factor profile using the SMART (Secondary Manifestations of Arterial Disease) risk
score.13 In the current analysis, we excluded patients who had coronary stents within

all coronary segments with atherosclerotic lesions because extraction of radiomic plaque
features is not possible in this circumstance. Studies were conducted with the approval of
the local research ethics committee, in accordance with the Declaration of Helsinki, and
written informed consent was obtained from each participant. We have provided a STROBE
(Strengthening the Reporting of Observational Studies in Epidemiology) checklist in the
Supplementary Material.

Patients underwent 18F-NaF PET on hybrid PET/CT scanners (128-slice Biograph mCT,
Siemens Medical Systems; or Discovery 710, GE Healthcare) 60 minutes after intravenous
administration of 18F-NaF (250 MBq). During a single imaging session, we acquired a
noncontrast CT attenuation correction scan followed by a 30-min PET scan in list mode, a
low-dose noncontrast ECG-gated CT for calculation of the coronary calcium score, and

an ECG-gated CCTA, which was obtained in mid-diastole and end-expiration without
repositioning the patient. The ECG-gated PET list-mode dataset was reconstructed using
harmonized protocols as described previously.14
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18F_NaF Uptake Quantification From PET

Image analysis was performed using FusionQuant following motion correction (Cedars-
Sinai Medical Center).1% In the first step, anatomic coronary artery data was extracted

from coronary CT angiography by applying a vessel tracking algorithm based on Bayesian
maximal paths (Autoplaque version 2.5). Second, a diffeomorphic mass-preserving image
registration algorithm was used to align the 4 gates of PET data to the end-diastolic

gate (FusionQuant Software, Cedars-Sinai Medical Center, Los Angeles). After motion
correction, the 4 gates were summed together to build a motion-free image containing counts
from the entire PET acquisition.16

We quantified 18F-NaF uptake activity across the entire coronary vasculature at the
per-plaque, per-vessel, and per-patient level using the recently described coronary
microcalcification activity (CMA).17:18 Within automatically extracted whole-vessel tubular
and tortuous 3-dimensional volumes of interest derived from the CCTA datasets, we
measured CMA representing the overall disease activity in the vessel based on both the
volume and intensity of 8F-NaF PET activity. CMA was defined as the integrated activity
in standardized uptake values units exceeding the corrected background blood pool mean
standardized uptake values plus 2 standard deviations (right atrium activity). The per-patient
CMA was defined as the sum of the per-vessel CMA values. A CMA>0 was regarded as
positive and CMA=0 was considered as no 18F-NaF uptake.

CT Analysis

The coronary artery calcium score was measured in Agatston units using clinical software
(NetraMD, SCImage) on noncontrast CT scans. The presence, extent, and severity of CAD
were evaluated on CCTA angiography by defining the segment involvement score and

the number of vessels with >50% luminal stenosis.1® Multivessel CAD was defined as at
least 2 major epicardial vessels with any combination of either >50% stenosis or previous
revascularization.

We performed quantitative plaque analysis of all nonstented coronary segments with a lumen
diameter >2 mm using semiautomated software (Autoplaque, version 2.5, Cedars-Sinai
Medical Center).6.7 Proximal and distal limits of lesions were manually marked by an
experienced reader after examination of CCTA images in multiplanar format. Subsequent
plaque quantification was fully automated using adaptive scan-specific thresholds. Total,
calcified, noncalcified, and low-attenuation plaque volumes were calculated.5.

Extraction of Latent Plaque Morphological Features

All voxels defined as plaque by the semiautomated software (Autoplaque version 2.5)

were loaded into the open-source Radiomics Image Analysis (version 1.4.2, https://cran.r-
project.org/web/packages/RIA/index.html) software package in the R environment. Overall,
1103 radiomic features were calculated on each segmented coronary plaque image.10

We implemented a recently published framework based on weighted correlation network
analysis for the unsupervised extraction of the latent morphological features.2021 In brief,
first we calculated the interpair similarity of the radiomic features correcting for intrapatient
clustering using linear mixed models (individuals may have multiple plaques), which
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included a random intercept per patient. Next, using this similarity matrix, we calculated
the hierarchical clustering dendrogram of radiomic features and used the dynamic tree-
cut algorithm to identify the optimal number of feature clusters among our radiomic
parameters.22 We then calculated the first principal component of each cluster, as the
features within each cluster are highly correlated with each other and therefore may be
the representation of the same latent plaque morphology. These principal eigen radiomic
features are named as colors similar to the conventions in other -omics analyses.?1:23

Clinical Follow-Up

The primary end point of the study was fatal or nonfatal myocardial infarction. Outcome
information was obtained from the local and national healthcare record systems that
integrate primary and secondary healthcare records. Categorization of these outcomes was
performed blinded to the coronary PET or other study data. Outcome data were collected in
July 2021.

Statistical Analysis

We assessed the distribution of data with the Shapiro-Wilk test. Continuous variables are
presented as means and standard deviations or medians and interquartile ranges (Q1-Q3) as
appropriate, while categorical parameters are reported as frequencies and percentages.

First, to assess whether the derived eigen radiomic features are associated with different
plague volumes, we created a heatmap of the correlations between each eigen feature and
the plaque volumes correcting for intrapatient clustering using linear mixed models and
reordered according to hierarchical clustering. Then, to assess the association between latent
plague morphologies and PET activity, we conducted univariable, multivariable logistic
regression, and linear regression models on a per-plaque level between each eigen radiomic
feature and 18F-NaF CMA correcting for calcified, noncalcified, and low-attenuation plague
volumes.

Next, we summarized plaque level eigen radiomic features to patient-level parameters by
taking the average of the features per patient, each weighted by the corresponding plaque
volume. We used these patient-level eigen radiomic feature values first to assess which

risk factors are associated with which eigen radiomic feature by including clinical risk
factors into a model to predict each eigen radiomic feature separately. Then we used them
in univariable Cox proportional hazard models to assess their predictive power to identify
individuals at risk of fatal or nonfatal myocardial infarction. Multivariable Cox proportional
hazard models including 18F-NaF CMA were adjusted for calcified, noncalcified, and low-
attenuation noncalcified plague volumes. As the eigen radiomic features are correlated with
each other, we were unable to include all of them in the same model, therefore, to assess
the importance of clinical parameters, CAD characteristics, plague volumes, PET activity,
and eigen radiomic features to predict the primary end point, we built a survival random
forest machine learning model with 10 000 repeats. Using 1000 subsamples, we calculated
the variable importance and 95% Cls of all parameters (Figure 1). To improve the statistical
power data from males and females were combined.
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All statistical calculations were performed in the R environment (v.4.1.3), using statistical
packages ImerTest (v.3.1.3), weighted correlation network analysis (v.1.70.3), survival

(v.3.3.1) and randomForestSRC (v.3.0.2) A 2-sided A<0.05 was regarded as significant.22:24-
27

The study population comprised of 260 patients (83% men; mean age, 659 years). All
participants had established CAD and 215 (83%) had a history of prior revascularization.
The majority of patients presented with cardiovascular risk factors (hypertension, 59%;
hyperlipidemia, 90%; tobacco use, 66%) and were already on secondary preventative
therapies (statin: 89%; anti-platelet therapy: 92%; angiotensin-converting enzyme inhibitor
or angiotensin receptor blockers: 70%; Table 1). On invasive angiography performed at 42
(23-69) days before baseline imaging, 65 (25%) individuals had single-vessel coronary
artery disease, 173 (67%) had multivessel coronary artery disease, and 14 (5%) had
significant left main stem involvement.

CT and 18F-NaF PET

Radiomics

The median CT calcium score was 294 (75-775) Agatston units; 141 (54%) patients had a
calcium score >400 Agatston units, and only 76 (29%) presented with a score <100 Agatston
units. On CCTA, the overall median segment involvement score was 6 (4—7). The median
total plaque volume was 1174 (737-1787) mms3 and consisted largely of noncalcified plaque
(1100 [665-1574] mm3) with a substantial volume of low-attenuation plaque (86 [44-164]
mm?3). Fifty-seven percent of the study population (n=148) had a low-attenuation plaque
burden exceeding 4%.

We identified increased 18F-NaF activity in 179 (69%) patients (CMA>0). Across the
entire cohort, the median CMA was 0.64 (0.0-2.53). At the individual coronary plaque
level among a grand total of 1495 lesions, 313 (21%) demonstrated an increased 18F-NaF
activity (CMA>0). There was a moderate correlation between total plague volumes and
continuous CMA values (r=0.43, £<0.001). Similar to previous studies, although calcified
plague volumes were weakly associated with 18F-NaF uptake (r=0.22, £<0.001), CMA had
a moderate correlation with noncalcified plague volumes (r=0.48, £<0.001) and a stronger
correlation with low-attenuation plaque volumes (r=0.61, £<0.001).

Using the calculated 1103 radiomic features, we mapped the latent morphological pattern
of the coronary plaques by first calculating the interpair similarity between each feature. A
heatmap with the corresponding hierarchical dendrogram is presented in Figure 2A. Using
the dynamic tree-cut algorithm, we identified 15 feature clusters. Plotting these using a
multidimensional scaling plot, we found the feature clusters to be separated in latent space,
indicating that the clusters represent different information regarding the morphology of the
lesions (Figure 2B). We then calculated the corresponding eigen radiomic feature for each
cluster, resulting in 15 latent morphological features which we used for further analysis.
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Association Between Plaque Volumes and Latent Plaque Morphological Features

To assess whether the derived eigen radiomic features represent information above and
beyond plaque volumes, we calculated the correlation between the eigen radiomic features
and the plaque components. Hierarchical clustering of the features showed that many
features had low correlation with any of the plaque volumes (Yellow, Turquoise, etc), while
other features were associated with noncalcified and low-attenuation noncalcified plaque
volumes (Salmon; Figure 3). Furthermore, the heatmap indicated that some eigen radiomic
features are correlated with each other, indicating that these features may organize into
higher order feature meta-clusters similar to other biological concepts such as the proteome.

Interplay Between Plaque Radiomics and 18F-NaF Uptake

At the individual coronary plaque level of the 15 eigen radiomic features, 9 were

associated with CMA values on univariable linear regression analysis. Importantly, 4 eigen
features remained independently associated with CMA in multivariable analysis following
adjustments for calcified, noncalcified, and low-attenuation plaque volumes (Table 2). The
remaining 6 plaque morphological features were not associated with PET activity. When
18F_NaF was considered as a binary variable, 12 radiomic clusters were associated with PET
positivity. Again, following adjustments for plague volumes, these associations persisted
with 11 radiomics clusters (Table 3). All of the radiomic features which were associated
with 18F-NaF CMA on linear regression were also related to the presence of 18F-NaF
activity on logistic regression (Table 3).

Association Between Eigen Radiomic Features and Risk Factors

To assess which risk factors are associated with specific plague morphologies, we entered
patient characteristics into a regression model to predict the patient-level eigen radiomic
values. Several of the eigen radiomic features were associated with diabetes (Table 4).

Outcome Analyses

Over the 53 (40-59) months of follow-up, 18 subjects experienced a fatal (n=2) or nonfatal
(n=16) myocardial infarction. On univariate Cox modeling, 7 of the eigen radiomic features,
low-attenuation plaque volume, and CMA emerged as predictors of myocardial infarction.
Among these 7 eigen radiomics features, Salmon, Brown, Pink, and Purple were associated
with CMA, whereas Yellow, Red, and Cyan were not. Following adjustments for calcified,
noncalcified, and low-density noncalcified plaque volumes and 18F-NaF CMA, 4 latent
eigen radiomic features remained independent predictors of myocardial infarction. Among
these, Salmon, Brown, and Pink were associated with 18F-NaF CMA, but Yellow was not
(Table 5).

We assessed the variable importance of clinical parameters, CAD characteristics, plaque
volumes, PET activity, and eigen radiomic features to predict the primary end point

using random forest survival machine learning models (Figure 4). We found that the

most important feature to predict adverse outcomes considering all parameters was overall
CMA activity. None of the clinical or CAD characteristics influenced the prediction of
the primary outcome. Furthermore, among plaque volumes, only low-attenuation plaque
had prognostic value. Our results show that beyond PET activity, Purple, Red, Cyan,
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Pink, Brown, Yellow, and Magenta eigen radiomic features had a role in predicting fatal
or nonfatal myocardial infarction. Among these radiomic features, Purple, Pink, Brown,
and Magenta were associated with PET activity while Red, Cyan, and Yellow were not
associated with 18F-NaF CMA (Figures 1 and 4).

DISCUSSION

In our multimodality imaging study, we characterized the complex interplay between
coronary plague composition, morphology, and activity in patients with established CAD.
We showed that radiomic analysis of CCTA images allows the identification of latent
morphological features, some of which are correlated with PET activity, and some of which
are not. We demonstrated that while among variables assessed in our study CMA from PET
is the strongest predictor of myocardial infarction, both volumetric and radiomic CT features
also have prognostic implications. Importantly, the radiomics analysis of coronary plaques
provided additive predictive value for myocardial infarction above and beyond both plaque
volumes and 18F-NaF CMA.

Over the past decade, quantitative plaque analysis has substantially improved risk
stratification beyond conventional qualitative assessments.5.” These quantitative plaque
measures complement disease activity assessments with PET so that the combination

of both provides the most robust prediction of myocardial infarctions.3 However, CT
datasets contain additional embedded information that is unrecognized and unused

during conventional clinical interpretation. This latent information can be extracted using
radiomics: the process of deriving quantitative metrics from medical images to create
big-data datasets, within which every lesion is characterized by hundreds of different
parameters.20 By considering the complex spatial relationship between voxels, radiomics
provides an objective, automated, and data-driven description of plaque morphology.

In patients undergoing CCTA, radiomics outperformed conventional qualitative and
quantitative analysis in identifying vulnerable plaques as detected on invasive coronary
imaging.® Moreover, in patients presenting with acute myocardial infarction, radiomic
features can provide incremental value for distinguishing culprit lesions beyond state-of-
the-art CCTA-based plaque assessments.®> A particularly promising application of coronary
plaque radiomics analysis is the ability for longitudinal assessment of changes in lesion
structure above and beyond changes in plague volumes, which may allow better monitoring
of lesion characteristics following therapeutical interventions.?1

Until recently, one of the major limitations of radiomics was the abundant number of
variables that are routinely extracted. In most prior analyses, each and every feature was
analyzed independently. However, this results in hundreds and thousands of statistical

tests being conducted, which requires stringent corrections for false discoveries and type 1
error. Furthermore, individual radiomic features can be nonreproducible and redundant.28:29
In the current study, we employed a recently described workflow that allowed the
identification of a small number of robust and reproducible eigen radiomic features, which
are summary variables of the underlying latent morphological characteristics.?! Utilizing
principal component analysis, we reduced the number of morphological features from 1103
to 15 robust eigen radiomic features, allowing for conventional statistical analysis. This
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approach facilitated identifying key latent morphological features, which acted as predictors
of adverse outcomes during follow-up.

18F_NaF uptake reflects calcification activity and is associated with future disease
progression and adverse outcomes across a wide range of cardiovascular conditions
including aortic stenosis, mitral annular calcification, abdominal aortic aneurysm, and
bioprosthetic valve degeneration.30-37 |f CT radiomic analysis could provide similar risk
stratification to 18F-NaF PET uptake, then this would greatly benefit patients due to
improved availability, reduction in radiation exposure, and better cost-effectiveness. This
notion is particularly compelling in view of the predictive value of 18F-NaF coronary uptake
in patients with established CAD where none of the existing risk scores provided robust
risk stratification.! To explore the interplay between plaque radiomics and PET activity, we
leveraged our prior cohort of patients with established CAD, in whom subjects with a high
18F_NaF uptake had an 8-fold increase in the risk of myocardial infarction over 4 years

of follow-up.! In our current analysis, 4 out of 15 radiomic clusters acted as independent
predictors of adverse outcomes following adjustments for plague volumes and coronary
18F_NaF uptake. These included radiomic features which were not associated with 18F-NaF
uptake. This observation suggests that despite the strong associations between 18F-NaF and
the majority of latent radiomic morphological plaque features, the information provided

by these 2 modalities is complementary. This is shown in our machine learning analysis
where the most important feature to predict adverse outcomes was the 18F-NaF CMA.
However, while risk factors and clinical CAD markers did not contribute to the predictions,
low-attenuation noncalcified plaque and several of the eigen radiomics features did. Of the
7 eigen radiomics features which were associated with later outcomes, 4 were associated
with 18F-NaF CMA, while 3 were not. These data suggest that radiomics might facilitate
the identification of patients who experience myocardial infarction during follow-up, yet at
baseline imaging present without 8F-NaF coronary uptake and unfavorable plague volumes
on quantitative plaque analysis. Although in our study population all patients who had
adverse events had a CMA>0 on PET, in the future the aforementioned hypothesis could be
further tested.

Clinically, CCTA radiomics and 18F-NaF coronary PET could be deployed in a staged
approach. A prior CTA and subsequent PET-only acquisition protocol lends itself to a
practical clinical workflow, with the initial CTA providing a basis for selection of patients
for the coronary PET study.1 Ultimately, these advanced atherosclerotic plaque assessments
could serve for the optimal allocation of expensive medication including PCSK9 (proprotein
convertase subtilisin/kexin type 9) or interleukin 1-beta inhibition to patients at the highest
risk of adverse cardiovascular events.38

Our study has several strengths and weaknesses. Although we analyzed data from 2 imaging
centers which were acquired in the context of 3 independent prospective studies representing
the largest cohort of patients with established coronary artery disease who have undergone
18F_NaF PET to date, the study population remains modest in size. As a consequence, the
number of events is limited. Furthermore, the generalizability of our findings needs to be
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validated due to the limited variation in imaging hardware and software, and the potential
bias of running several different models. Our findings, therefore, require confirmation

in future studies. Fortunately, the PREFFIR study (Prediction of Recurrent Events With
18F_Fluoride), in which patients with a recent myocardial infarction underwent 18F-NaF
coronary PET and are followed up for recurrent events, shall provide an opportunity

to further explore the interplay between coronary plaque molecular activity and latent
morphological features. To date, we lack data on the feasibility and potential insights that
could be obtained from coronary PET radiomic analysis. Future studies should therefore
address this important topic.

Conclusions

Radiomic analysis of CCTA images allows the identification of latent morphological
phenotypes, of which some are highly correlated with the 18F-NaF coronary activity while
some are not. In patients with established CAD, latent coronary plaque radiomic features,
along with quantitative plaque analysis measures and plaque activity on 18F-NaF PET, are
additive predictors of myocardial infarction.
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18F_NaF PET 18F_sodium fluoride positron emission tomography
CAD coronary artery disease

CCTA coronary computed tomography angiography
CMA coronary microcalcification activity

CT computed tomography

PET positron emission tomography

PREFFIR Prediction of Recurrent Events With 18F-Fluoride
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Highlights

In patients with established coronary artery disease plaque activity on 18F-
sodium fluoride positron emission tomography, composition on quantitative
plaque analysis, and latent morphology assessed using radiomics on
coronary computed tomography angiography are all predictors of myocardial
infarction.

Among variables assessed in our study, in patients with known coronary
artery disease, plague activity depicted with 18F-sodium fluoride positron
emission tomography is the dominant predictor of myocardial infarction.

In patients with established coronary artery disease for optimal risk
stratification, plaque activity, composition, and morphology should be
considered jointly.
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and morphology

Plague morphology
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Figure 1. Prediction of myocardial infarction using disease activity imaging with 18F-sodium
fluoride positron emission tomography (18F-NaF PET) and plaque radiomics and volumes
imaging with coronary computed tomography angiography (CCTA).

In patients with established coronary artery disease assessments of plaque volumes, latent

morphology, and activity are complementary predictors of myocardial infarction.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2024 April 10.
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Figure 2. Visual representation of radiomic feature modules.
A, The interpair correlation values between each radiomic feature corrected for intrapatient

clustering using linear mixed models. Rows and columns are reordered based on hierarchical
clustering. The resulting radiomic feature models are shown using different colors. B,
Multidimensional scaling plot of the radiomic features, where each point represents a
radiomic parameter which is situated in the latent space according to the similarity to other
parameters and is colored based on the radiomic module assignment.
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Figure 3. Association between plague volumes and latent plaque morphological features.
Heatmap demonstrating the correlations between eigen radiomic features and coronary

plaque volumes (PV) derived from quantitative plaque analysis.
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Feature importance to predict myocardial infarction
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Figure 4. Predictors of myocardial infarction—variable importance according to the random
forest machine learning model.

Variable importance and 95% Cls of clinical, positron emission tomography (PET), and
coronary computed tomography angiography imaging parameters to predict myocardial
infarction. Significant predictors are color-coded in red. 18F-NaF CMA indicates 18F-sodium
fluoride coronary microcalcification activity; CAD, coronary artery disease; and SMART,
Secondary Manifestations of Arterial Disease.
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Clustered Radiomic Coronary Plaque Features and Coronary 18F-NaF Uptake

Table 2.

Univariate linear regression

- . . - *
Multivariate linear regression

Eigen radiomic feature | B (95% CI) Pvalue | B (95% Cl) P value
Green 0.02 (-0.03t0 0.08) | 0.36 0.01 (—0.04 to 0.07) 0.64
Salmon 0.12 (0.06t00.18) | <0.001 | 0.03(-0.04t00.11) | 0.43
Magenta 0.13 (0.08 to 0.19) <0.001 | 0.06 (-0.001t00.12) | 0.053
Yellow 0.05 (-0.01t0 0.10) | 0.07 0.02 (-0.04t0 0.08) | 0.47
Brown 0.07 (0.02 to 0.12) 0.01 0.03 (—0.03 to 0.09) 0.40
Pink 0.07 (0.01t00.12) | 0.02 0.04 (-0.01t00.10) | 0.14
Cyan 0.01 (-0.03 t0 0.05) | 0.96 -0.02 (-0.08 t0 0.04) | 0.49
Red 0.02 (-0.03t0 0.07) | 0.48 -0.01 (-0.06 t0 0.05) | 0.90
Tan 0.02 (-0.03t0 0.08) | 0.39 -0.03 (-0.09 t0 0.02) | 0.22
Purple 0.24 (0.19t00.30) | <0.001 | 0.15 (0.08 to 0.22) <0.001
Black 0.12(0.07t00.17) | <0.001 | 0.04(-0.02t00.09) | 0.17
Green-yellow 0.17 (0.12t00.22) | <0.001 | 0.08 (0.03 to 0.14) 0.004
Turquoise 0.01 (-0.04t0 0.07) | 0.51 0.02 (-0.04 to 0.07) 0.54
Blue 0.13 (0.08 to 0.18) <0.001 0.07 (0.01 to 0.12) 0.014
Midnight blue 0.21(0.15t00.26) | <0.001 | 0.12(0.06 to 0.18) <0.001

Page 21

Univariable and multivariable linear regression analysis of radiomic features and an increase in 18F_NaF cMA. 18F-NaF indicates 18F-sodium
fluoride; and CMA, coronary microcalcification activity.

*
Adjusted for calcified, noncalcified, and low-attenuation plague volumes.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2024 April 10.
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Clustered Radiomic Coronary Plaque Features and Coronary 18F-NaF Uptake

Table 3.

Univariate logistic regression Multivariate logistic regression”
Eigen radiomic feature | Odds ratio (95% CI) | Pvalue | Odds ratio (95% CI) | P value
Green 1.16 (1.01 to 1.36) 0.04 1.15 (0.98 to 1.35) 0.08
Salmon 1.49(1.29t0 1.71) <0.001 1.42 (1.16 to 1.76) <0.001
Magenta 1.88 (1.58 t0 2.24) <0.001 | 1.65(1.371t01.99) <0.001
Yellow 1.50 (1.28 t0 1.77) <0.001 1.46 (1.23t0 1.74) <0.001
Brown 1.45 (1.26 t0 1.68) <0.001 | 1.39(1.19t0 1.63) <0.001
Pink 1.50 (1.30to 1.73) <0.001 1.48 (1.27 to 1.74) <0.001
Cyan 0.01 (-0.03 to 0.05) 0.96 1.03 (0.88 to 1.20) 0.75
Red 1.03 (0.89 to 1.19) 0.67 0.98 (0.84 t0 1.13) 0.76
Tan 0.98 (0.85t0 1.13) 0.78 0.85(0.74 t0 0.99) 0.04
Purple 1.76 (1.52 t0 2.03) <0.001 | 1.63(1.37to 1.95) <0.001
Black 1.22 (1.05 to 1.40) 0.007 | 1.00(0.861t01.17) 0.99
Green-yellow 1.46 (1.26 to 1.69) <0.001 1.20 (1.02 to 1.41) 0.03
Turquoise 0.83(0.71 t0 0.96) 0.02 0.80 (0.68 to 0.94) 0.01
Blue 1.41 (1.21 to 1.65) <0.001 | 1.21(1.03to 1.42) 0.02
Midnight blue 1.43 (1.25 to 1.64) <0.001 | 1.76 (1.01to 1.38) 0.04
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Univariable and multivariable logistic regression analysis of radiomic features and 18F_NaF cMA>0. 18F-NaF indicates 18F-sodium fluoride; and

CMA, coronary microcalcification activity.

*
Adjusted for calcified, noncalcified, and low-attenuation plague volumes.
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Table 5.
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Univariable and Multivariable Cox Proportional Hazard Models Adjusted for Plaque Volumes and 18F-NaF

Coronary Uptake

Univariate Cox proportional hazard model | Multivariate Cox proportional hazards model”
Eigen radiomic feature | Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value
Green 1.39 (1.0-1.94) 0.051 1.42 (0.94-2.18) 0.09
Salmon 1.42 (1.05-1.91) 0.02 1.46 (1.03-2.08) 0.03
Magenta 1.32 (0.88-1.97) 0.18 1.43 (0.88-2.30) 0.15
Yellow 1.60 (1.09-2.34) 0.02 1.62 (1.04-2.54) 0.02
Brown 1.44 (1.08-1.93) 0.01 1.49 (1.07-2.06) 0.01
Pink 1.33 (1.05-1.69) 0.02 1.50 (1.05-2.13) 0.02
Cyan 0.73 (0.51-1.03) 0.07 0.69 (0.40-1.07) 0.11
Red 0.67 (0.44-1.02) 0.06 0.68 (0.36-1.09) 0.12
Tan 0.66 (0.27-1.0) 0.051 0.74 (0.48-1.13) 0.16
Purple 0.52 (0.27-1.0) 0.052 0.46 (0.12-1.04) 0.08
Black 0.79 (0.47-1.33) 0.38 0.81 (0.50-1.32) 0.40
Green-yellow 1.03 (0.66-1.59) 0.90 1.01 (0.61-1.68) 0.96
Turquoise 0.62 (0.29-1.31) 0.21 0.72 (0.36-1.44) 0.34
Blue 1.19 (0.79-1.82) 0.40 1.22 (0.74-2.03) 0.44
Midnight blue 1.09 (0.75-1.59) 0.65 1.03 (0.64-1.65) 0.90

*
Adjusted for calcified, noncalcified, low-attenuation plaque volumes, and 18r_sodium fluoride coronary microcalcification activity.
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