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Abstract

Objectives: To develop a general framework to assess temporal changes in lesion morphology
on radiological images beyond volumetric changes, and to test whether cocaine abstinence
changes coronary plaque structure on serial coronary CT angiography (CTA).

Methods: Chronic cocaine users with human immunodeficiency virus (HIV) infection were
prospectively enrolled to undergo cash-based contingency management to achieve cocaine
abstinence. Participants underwent coronary CTA at baseline, 6- and 12-months following
recruitment. We segmented all coronary plaques and extracted 1103 radiomic features. We
implemented weighted correlation network analysis to derive consensus eigen radiomic features
(named as different colors) and used linear mixed models and mediation analysis to assess whether
cocaine abstinence affects plague morphology correcting for clinical variables and plaque volumes
and whether serum biomarkers causally mediate these changes. Furthermore, we used Bayesian
hidden Markov network changepoint analysis to assess potential rewiring of the radiomic network.
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Results: 69 PLWH (median age 55 IQR: 52-59 years, 19% female) completed the study, of
whom 26 achieved total abstinence. 20 consensus eigen radiomic features were derived. Cocaine
abstinence significantly affected the pink and cyan eigen features (—0.04 CI: [-0.06; —0.02],
p=0.0009; 0.03 CI: [0.001; 0.04], p=0.0017, respectively). These effects were mediated through
changes in Endothelin-1 levels. In abstinent individuals we observed significant rewiring of the
latent radiomic signature network.

Conclusions: Using our proposed framework, we found 1 year cocaine abstinence to
significantly change specific latent coronary plaque morphological features and rewire the latent
morphologic network above and beyond changes in plaque volumes and clinical characteristics.

Keywords

Artificial Intelligence; Longitudinal Studies; Coronary Artery Disease; Cocaine Addiction;
Precision Medicine

INTRODUCTION

Advancements in medical therapies has made it increasingly difficult to demonstrate the
effectiveness of new drugs above and beyond current standards of care [1]. Therefore,
surrogate imaging markers of hard clinical end-points are utilized to assess the efficacy

of new interventions [2; 3]. In the case of coronary atherosclerosis, coronary computed
tomography angiography (CTA) provides a non-invasive imaging modality to monitor
volumetric plaque changes in-vivo [4]. Coronary CTA measured plaque volumes are
increasingly being used as surrogate markers of drug efficacy in clinical trials [5; 6], as
changes in plague volumes have been shown to have additive predictive value beyond
clinical assessment in predicting major adverse cardiac events [7]. However, morphological
changes in pathologies above and beyond changes in lesion volumes are equally important
[8], but visual assessment of morphological characteristics does not allow quantitative
temporal assessment.

Radiomics is the process of extracting quantitative imaging markers describing the structure
and composition of a lesion using numerical values [9; 10]. These parameters have been
shown to correlate well with adverse plaque characteristics and provide an alternative

to quantitatively identify vulnerable coronary plaques [11; 12]. Furthermore, studies

have shown that radiomics can extract information regarding plagque morphology that
visual assessment is unable to recognize, therefore providing a framework for precision
phenotyping of coronary artery disease (CAD) [13; 14]. However, radiomic features are
highly redundant as they are numerical representations of around 10-50 latent features [11;
15]. In the case of longitudinal data analysis, intra-individual changes in parameter values
are used to assess the potential effect of a predictor on the outcome. Therefore, robust
estimates of the underlying latent morphology at each time point are needed.

Chronic cocaine use has been shown to significantly increase coronary plaque burden [16;
17]. A pilot investigation has also shown that cocaine abstinence results in noncalcified
plaque regression [18]. However, it is unknown whether cocaine abstinence changes
coronary plague morphology beyond its effects on plaque volumes.
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In this study, we propose a general framework for the temporal assessment of morphological
changes in pathologies on radiological images. As a proof-of-principle, we wished to assess
whether we can detect morphological changes in coronary atherosclerosis following cocaine
abstinence above and beyond its documented effects on plaque volume among individuals
with human immunodeficiency virus (HIV) infection undergoing cash-based contingency
management intervention.

MATERIALS AND METHODS

Study participants

The institutional review board approved the study protocol, and all study participants
provided written informed consent. All procedures used in this study followed the Health
Insurance Portability and Accountability Act, local and federal regulations, and the
Declaration of Helsinki.

Between March 2014 and August 2016, 100 chronic cocaine users were consecutively
enrolled from a prospective epidemiologic observational study investigating the effects

of HIV, cocaine use, and other associated factors on CAD into the current cash-based
contingency management intervention [17; 19]. Detailed study protocol has been published
earlier [18]. In brief, inclusions criteria into the current analysis were: (1) being HIV-
infected, (2) previous coronary CTA-confirmed subclinical atherosclerosis, and (3) current
cocaine use confirmed by a positive urine test for cocaine or benzoylecgonine during

the initial screening interview and self-reported use by any route for at least 6 months,
administered at least 4 times a month. Exclusion criteria included (1) obstructive CAD
(>70% stenosis) on coronary CTA or any symptoms believed to be related to cardiovascular
disease, (2) history of serious physical disease or current physical disease (eg severe trauma
or cancer), (3) infrequent cocaine users (fewer than 4 times a month in the last consecutive
6 months), (4) pregnancy, (5) chronic kidney disease with an estimated glomerular filtration
rate of <60 mL/min/1.73m2, and (6) contraindication to CTA scans, including a history of
contrast allergy.

Cash-based contingency management intervention

Details of the cash-based contingency management protocol have been published previously
[18]. Briefly, the proposed cash-based contingency management protocol systematically
reinforces cocaine abstinence by using an escalating cash incentive program, where
participants receive an increasing number of points (1 point=$1) for negative cocaine test
results. Cocaine abstinence was defined as providing no positive urine test during the 1-year
period.

Coronary CTA procedures

Details of the CT scanning procedures have been described [17; 19], and are present in
supplementary material.
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Coronary CTA segmentation and radiomic feature calculations

Details are provided in supplemental material. In brief, plaque analysis was performed
independently in the Department of Radiology and Imaging Sciences, NIH Clinical Center
using dedicated software (QAngioCT, version 3.1.3.13; Medis Medical Imaging Systems)
[20]. According to Hounsfield unit (HU) values, plague volumes were further classified

to low-attenuation noncalcified plague volume: —100-30 HU noncalcified plague volume:
—-100-350 HU and calcified plaque volume: =351 HU [21]. Segmented images were then
loaded into the open-source Radiomics Image Analysis software package (v. 1.4.2; https://
CRAN.R-project.org/package=RIA) in the R environment, where 1,103 radiomic features
were calculated [11; 22].

Consensus eigen radiomic features

We propose a framework to calculate consensus eigen radiomic feature, based on weighted
correlation network analysis (WGCNA) developed by Zhang et al [23].

Details regarding calculations are provided in supplemental material. In brief, following
data pre-processing, a consensus topological overlap matrix (TOM) was calculated which
describes the similarity network of the radiomic features considering all three timepoints. To
cluster the radiomic features into consensus modules we used average linkage hierarchical
clustering based on the consensus TOM-based dissimilarity. Then, we used the dynamic
hybrid tree cut algorithm to identify the consensus radiomic modules [24]. Consensus eigen
radiomic features are the first principal component of each module. All calculations were
done using the WGCNA (v. 1.70-3) package in R [25].

Radiomic feature stability analysis

To assess whether consensus eigen radiomic features are robust to changes in the data,
we conducted percolation analyses. Details of the analysis are presented in supplementary
information.

Bayesian hidden Markov network changepoint model

To assess whether cocaine abstinence results in rewiring of the radiomic feature network
beyond its effects on specific latent structural features, we conducted Bayesian hidden
Markov network change models on the consensus eigen radiomic feature network at all
three timepoints for abstinent and non-abstinent individuals [26]. Details of the analysis are
presented in supplementary information.

Statistical Analysis

All continuous parameters were summarized by medians and interquartile ranges (IQRs),
and all categorical parameters were summarized as frequencies and proportions. To compare
differences between cocaine abstinent and non-abstinent individuals, Mann-Whitney U-test
and the chi-square test was used for continuous and categorical variables respectively.

For descriptive purposes, patients were clustered using average linkage hierarchical
clustering based on the raw radiomic feature values and compared using cophenetic
correlation (dendextend (v. 1.15.1) package in R) [27].
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Longitudinal data analysis was done considering all three examinations (baseline, 6-months,
12-months). We used linear mixed models including random intercepts and slopes for each
individual [28; 29]. The models were corrected for sex, baseline age, and atherosclerosis
cardiovascular disease (ASCVD) risk and time since baseline scan as these have all been
reported to modulate the radiomic signature of CAD [15]. We also included noncalcified,
calcified, and low-attenuation noncalcified plaque volumes at each visit to correct for any
possible effect of cocaine abstinence on plagque components, and also to correct for inherent
correlations between plaque volumes and radiomic features [15]. Linear mixed model
analysis was done using the Ime4 (v. 1.1-27) and ImerTest (v. 3.1-3) packages in R [30;

31].

We conducted causal mediation analysis using the mediate (v. 4.5.0) package [32], details
are provided in supplemental material.

Due to the multiple comparisons being done, we applied Bonferroni correction. Our
WGCNA analysis resulted in 20 consensus eigen radiomic features, therefore two-

sided p values below 0.05/20 = 0.0025 were considered significant. All statistical
calculations were done in the R environment (v. 4.0.0) [33]. All statistical code used for
analysis and generating the images are available at: https://github.com/martonkolossvary/
radiomics_temporal_assessment

Patient characteristics

Overall, 76 chronic cocaine users with HIV-infection began the cash-based contingency
management intervention. From these individuals, 7 did not complete the contingency
management or were lost to follow-up. Altogether, 69 people living with HIV completed
the study, of whom 26 achieved total abstinence of cocaine use. The median age was 55
years (IQR: 52-59 years) and 19% were female. There was no significant difference in

any anthropometric, clinical, laboratory, or plaque volume parameter between abstinent and
non-abstinent individuals at the baseline visit (p>0.05 for all). Detailed baseline patient
characteristics are presented in table 1.

Changes in patient hierarchical clustering dendrograms during follow-up

Based on missingness and zero variance criteria described in the supplemental methods,
2.0% (22/1,103) of radiomic features were removed from the analysis. Patients were
clustered based on their normalized radiomic profiles using hierarchical clustering. The
resulting patient clustering dendrograms and corresponding clinical characteristics and
plaque volumes at baseline, 6-months, and 12-months are summarized in figure 1.
Cophenetic correlation values between baseline and 6-months (cophenetic correlation=0.42),
6-months and 12-months (cophenetic correlation=0.67) show low correlation between the
clustering dendrograms, indicating considerable changes in latent plague morphology over
the one-year period.
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Scale free topology of the latent morphology network

Detailed results regarding the scale free topology of the radiomic network are presented in
supplemental material. In brief, we found that similar to other biological networks the latent
structural imaging feature network of coronary plaques follow an approximate scale free
topology (supplementary figure 1).

Consensus radiomic feature modules and eigen radiomic features

Detailed results regarding consensus feature modules and eigen features are presented in
supplementary material. In brief, we found 20 consensus radiomic modules (grey is used

to mark features not allocated to any of the modules) in our dataset (figure 2a). These
radiomic modules represent latent morphological coronary plaque features which are present
in our data considering all three timepoints. The multidimensional scaling plot (figure 2b)
shows that the radiomic features of the corresponding modules are situated apart from

each other in a 3-dimensional latent space highlighting that the models represent different
latent structural features. The mean of adjacencies, clustering coefficients, correlations, and
maximum adjacency ratios regarding the three timepoints were high, indicating considerable
inter-connectedness within the modules (figure 2c¢). These values were highly statistically
different from random and higher than for the grey module, which represented radiomic
features not assigned to any of the modules.

We derived consensus eigen radiomic features for each module using singular value
decomposition of the corresponding radiomic expression matrix. Therefore, the imaging
feature space of 3 timepoints x 1,081 features is reduced to 3 timepoints x 20 features.

The eigen radiomic features were found to be good representations of the of each feature
module, as the mean correlation between each corresponding feature and the eigen radiomic
feature (mean module membership) was high for each module (range: 0.85-0.95; figure 2c).
Furthermore, the eigen radiomic feature explained a high proportion of the variance of the
corresponding features (range: 0.63-0.90; figure 2c).

Robustness analysis of the consensus eigen radiomic features

To conclude any results from consensus eigen radiomic features, first we need to be sure
that our derived parameters of latent coronary plague morphology are robust. Detailed
results are presented in supplemental material. In brief, we found that even after removing
50% of the individuals or visits, the resulting hierarchical clustering dendrograms of the
simulated data showed a mean cophenetic correlation >0.85 with the original data (figure
3a and 3b). Furthermore, we observed that that even after removing half of all patients

or visits from our database, in both cases in 50% (10/20) of the modules the assigned
features showed an 80% overlap with the originally assigned features (figure 3c and 3d).
Most importantly, even after removing 50% of all patients or individuals, the derived eigen
radiomic features corresponding to the reference network module assignment showed almost
perfect correlation with the original eigen radiomic features with all Pearson correlation
values above 0.99 (figure 3 e and 3f). All these results show that while the instability

of individual radiomic features precludes them from being used to assess changes in
plaque structure over time, our proposed methodology provides robust descriptors of latent
structural phenotypes.
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Effect of cocaine abstinence on temporal changes in atherosclerotic plaque structure

We choose linear mixed models as they provide a flexible approach to analyze temporal data
and can handle missing data and model complex hierarchical data structures that may be
present in clinical studies. After correcting for baseline age and ASCVD risk, sex, calcified,
noncalcified, and low-attenuation noncalcified plaque volumes at each timepoint, cocaine
abstinence was significantly associated with changes in the pink (p=0.0009) and the cyan
(p=0.0017) consensus eigen radiomic features. Estimates of cocaine abstinence on all 20
consensus eigen radiomic features are presented in table 2.

Mediation analyses to assess which factors mediate the effects of cocaine abstinence

Detailed results are presented in supplemental material. In brief, for endothelin-1, we found
the average causal mediation effect (ACME) to be significant for the pink consensus

eigen radiomic feature (figure 4a; p=—0.01, 95% CI: —0.02-0.00, p=0.048) and also the
cyan consensus eigen radiomic feature (figure 4c; p=0.01, 95% CI: 0.00-0.02, p=0.020),
while the average direct effect (ADE) was non-significant in both cases (figure 4a and

4c; p=-0.01, 95% CI: -0.05-0.02, p=0.570; p=-0.02, 95% CI: —0.05-0.02, p=0.390;
respectively). These results indicate that endothelin-1 may play an important role through
which cocaine abstinence affects latent coronary features and therefore potentially warrants
further investigations. Furthermore, mediation through noncalcified plaque volumes was
non-significant further strengthen our findings that the observed changes in plaque
morphology associated with cocaine abstinence are above and beyond the changes that
cocaine abstinence causes in plague volumes.

Structural reorganization of the consensus eigen radiomic feature network

Detailed results are presented in supplemental material. In brief, additional to up

or downregulating different elements of the network, interventions or changes in the
environment may result in a significant rewiring of the biological network [34]. In abstinent
individual we saw that a model considering one changepoint provided the best model fit
(figure 5a) as compared to non-abstinent individuals where all statistics supported a model
without any changepoints in network structure. Plotting the node positions in latent space,
one can appreciate similarities between abstinent and non-abstinent individuals at the first
time regime which corresponds to the baseline timepoint (figure 5b and 5g; e.g. brown,
royal blue, blue and cyan nodes being clustered together). While latent node positions
significantly change in case of abstinent individuals (figure 5c), the relative positions of the
eigen radiomic features does not change considerably in non-abstinent participants (figure
5h), only showing a rotation in latent space. Plotting the value of the network generation
rule at each timepoint for the corresponding latent dimensions, one can observe a clear
divergence in the value of the rule parameter over time in case of abstinent individuals
(figure 5d), but not in non-abstinent individuals (figure 5i). Plotting the posterior probability
of the given network state being part of the first or second time regime, for abstinent
individuals, there is a clear shift in probabilities strengthening the finding of a change

in network structure over time in these individuals (figure 5e), but not in non-abstinent
participants (figure 5j). These results indicate that cocaine abstinence, not only significant
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affects given elements of the latent coronary plaque structure network, but it also results in a
significant rewiring of the radiomics network.

DISCUSSION

Advancements in imaging hardware allow visualization of pathologies in-vivo with
unprecedented detail. With hard clinical endpoint being scarce due to advancements in
medical therapies, surrogate volumetric imaging markers are being used to evaluate the
efficacy of therapeutical interventions [5; 6]. However, we do not know whether simple
volumetric characteristics are the best surrogates of hard clinical end-points as they hold
limited information regarding lesion composition or structure. Radiomics is increasingly
being used to quantitatively describe lesion morphology, and has provided insights into
pathologies that are not possible using visual assessment of radiological images [10].
Nevertheless, reproducibility issues and redundancy in the parameters hinder the use of
individual radiomic features to assess temporal changes in the structure of pathologies [35—
37].

In this study we show that using network analysis, we are able to utilize the scale free
topology of radiomic feature to provide a flexible framework for the temporal assessment

of changes in lesion morphology. Our proposed methodology utilizes the redundancy in

the radiomic features to provide highly robust latent descriptors of lesion phenotypes. Our
proposed framework is able to analyze cross-sectional and also temporal data, therefore
providing a flexible solution for different situations. Furthermore, our implemented methods
are inherently able to handle missing data and hierarchical data sources, therefore being
ideal for different clinical settings.

In a proof-of-concept implementation, we showed that utilizing the precision phenotyping
capabilities of radiomics with the described workflow, we were able to identify latent
coronary atherosclerotic morphological features which changed after individuals became
abstinent to cocaine use, even after correcting for clinical risk factors and changes in plaque
volumes. Using mediation analyses we found that these effects were mediated through
serum endothelin-1 levels, which warrants further investigation. Furthermore, using network
changepoint analysis, we showed that not only did cocaine abstinence change the values of
specific consensus eigen radiomic features, but it also changed the wiring of the radiomic
feature network, indicating more substantial effects on lesion morphology.

Our findings have limitations. First, the study is not a randomized clinical trial. Therefore,
the observed effects of cocaine abstinence may not be unquestionably attributable to
abstinence. Nevertheless, this does not change our findings regarding the robustness of the
derived consensus eigen radiomic features, which show that the proposed methodology may
be robustly used to describe lesion morphology from medical images. Also, we do not have
follow-up data, therefore the clinical relevance of changes in the observed consensus eigen
radiomic features and the rewiring of the radiomics network are unknown. Nevertheless,
using the proposed framework, researchers may investigate whether the identified imaging
markers may be better surrogates of clinical outcomes where follow-up data is available.
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In conclusion, our proposed framework provides a flexible methodology to ascertain
longitudinal changes in latent imaging morphological features. This allows researchers to
evaluate the effect of therapeutical interventions on lesion structure above and beyond
volumetric changes. This may help the identification of new surrogate imaging markers that
may be better predictors of later clinical outcomes. Furthermore, this methodology opens
up new perspectives in connecting in-vivo imaging findings of disease morphology with
risk factors, biomarkers or other -omics data sources and therefore may greatly advance our
understanding of pathological processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
ACME average causal mediation effect
ADE average direct effect
ASCVD atherosclerosis cardiovascular disease
CAD coronary artery disease
CTA computed tomography angiography
HIV human immunodeficiency virus
HU Hounsfield unit
IQR interquartile ranges
TOM topological overlap matrix
WGCNA weighted correlation network analysis
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Key points:

1. We propose a general methodology to decompose the latent morphology
of lesions on radiological images using a radiomics-based systems biology
approach.

2. As a proof-of-principle, we show that 1 year cocaine abstinence results in

significant changes in specific latent coronary plaque morphologic features
and rewiring of the latent morphologic network above and beyond changes in
plague volumes and clinical characteristics.

3. We found Endothelin-1 levels to mediate these structural changes providing
potential pathological pathways warranting further investigation.
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Patient Clustering Dendrograms and Corresponding Clinical Variables
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Figure 1.
Hierarchical clustering of patients based on their radiomic profiles and the corresponding

clinical values at baseline, 6 months, and 12 months follow-up.

Patient hierarchical clustering dendrograms were created based on the radiomic profiles
of the patients at a) baseline, b) 6 months and c) 12 months. Red indicates the value

of the given clinical parameter, with red corresponding to the highest value and white
corresponding to the lowest value among the individuals. Low cophenetic correlation
values between the dendrograms at baseline and 6 months (cophenetic correlation=0.42)
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and 6 months and 12 months (cophenetic correlation=0.67) indicate substantial changes in
radiomic features which result in reorganization of patient similarities.

Abbreviations: ASCVD: atherosclerotic cardiovascular risk, CP: calcified plaque, LANCP:
low-attenuation noncalcified plaque, NCP: noncalcified plaque
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a
Heatmap and Hiearchical Clustering Dendrogram
of Radiomic Features
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b
Multidimensional Scaling Plot of Radiomic Features
Colored According to Module Correspondence
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Figure 2.

Visual representation of consensus radiomic feature modules.

Using weighted gene co-expression network analysis, we created a consensus topological
overlap matrix which provides a representation of the radiomic profile co-expression
considering all three timepoints. a) shows the topological overlap matrix with the
corresponding hierarchical clustering dendrogram on the left. Using the dynamic tree-cut
algorithm, we identified 20 consensus radiomic feature modules (grey is used to mark
features not 