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Constructing custom-made radiotranscriptomic signatures
of vascular inflammation from routine CT angiograms:
a prospective outcomes validation study in COVID-19

Christos P Kotanidis, Cheng Xie, Donna Alexander, Jonathan C L Rodrigues, Katie Burnham, Alexander Mentzer, Daniel 0’Connor, Julian Knight,
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Cheerag Shirodaria, Sheila F Lumley, Bede Constantinides, Nicholas Sanderson, Gillian Rodger, Kevin K Chau, Archie Lodge, Maria Tsakok,
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Summary

Background Direct evaluation of vascular inflammation in patients with COVID-19 would facilitate more efficient
trials of new treatments and identify patients at risk of long-term complications who might respond to treatment. We
aimed to develop a novel artificial intelligence (Al)-assisted image analysis platform that quantifies cytokine-driven
vascular inflammation from routine CT angiograms, and sought to validate its prognostic value in COVID-19.

Methods For this prospective outcomes validation study, we developed a radiotranscriptomic platform that uses RNA
sequencing data from human internal mammary artery biopsies to develop novel radiomic signatures of vascular
inflammation from CT angiography images. We then used this platform to train a radiotranscriptomic signature
(C19-RS), derived from the perivascular space around the aorta and the internal mammary artery, to best describe
cytokine-driven vascular inflammation. The prognostic value of C19-RS was validated externally in 435 patients (331 from
study arm 3 and 104 from study arm 4) admitted to hospital with or without COVID-19, undergoing clinically indicated
pulmonary CT angiography, in three UK National Health Service (NHS) trusts (Oxford, Leicester, and Bath). We evaluated
the diagnostic and prognostic value of C19-RS for death in hospital due to COVID-19, did sensitivity analyses based on
dexamethasone treatment, and investigated the correlation of C19-RS with systemic transcriptomic changes.

Findings Patients with COVID-19 had higher C19-RS than those without (adjusted odds ratio [OR] 2-97 [95% CI
1-43-6-27], p=0-0038), and those infected with the B.1.1.7 (alpha) SARS-CoV-2 variant had higher C19-RS values
than those infected with the wild-type SARS-CoV-2 variant (adjusted OR 1-89 [95% CI 1-17-3-20] per SD,
p=0-012). C19-RS had prognostic value for in-hospital mortality in COVID-19 in two testing cohorts
(high [26-99] vs low [<6-99] C19-RS; hazard ratio [HR] 3-31 [95% CI 1-49-7-33], p=0-0033; and 2-58 [1-10-6-05],
p=0-028), adjusted for clinical factors, biochemical biomarkers of inflammation and myocardial injury, and technical
parameters. The adjusted HR for in-hospital mortality was 8-24 (95% CI 2-16-31-36, p=0-0019) in patients who
received no dexamethasone treatment, but 2-27 (0-69-7-55, p=0-18) in those who received dexamethasone after the
scan, suggesting that vascular inflammation might have been a therapeutic target of dexamethasone in COVID-19.
Finally, C19-RS was strongly associated (r=0-61, p=0-00031) with a whole blood transcriptional module representing
dysregulation of coagulation and platelet aggregation pathways.

Interpretation Radiotranscriptomic analysis of CT angiography scans introduces a potentially powerful new platform
for the development of non-invasive imaging biomarkers. Application of this platform in routine CT pulmonary
angiography scans done in patients with COVID-19 produced the radiotranscriptomic signature C19-RS, a marker of
cytokine-driven inflammation driving systemic activation of coagulation and responsible for adverse clinical
outcomes, which predicts in-hospital mortality and might allow targeted therapy.

Funding Engineering and Physical Sciences Research Council, British Heart Foundation, Oxford BHF Centre of
Research Excellence, Innovate UK, NIHR Oxford Biomedical Research Centre, Wellcome Trust, Onassis Foundation.

Copyright © 2022 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.

Introduction

Cardiovascular complications have emerged as a key
feature of COVID-19 and drive adverse outcomes.’
Inflammation-induced  injury of the vascular
endothelium is crucial in COVID-19 pathogenesis
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because it seems to drive a procoagulant state that
contributes to multiorgan failure.”

Direct evaluation of vascular inflammation in COVID-19
would pave the way for more efficient trials of new
treatments, identify patients who might be at risk of
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Research in context

Evidence before this study

The field of radiotranscriptomics (ie, the combination of
transcriptomics with radiomics) in CT imaging is still in its
infancy. Radiomics have been previously applied, mainly in
cancer research, to provide prognostic information for a series of
morbidities. In COVID-19, previous studies have investigated
lung-based radiomics or deep learning modelling based on CT
imaging to predict disease status. We searched PubMed from
Jan 1, 2010, to March 19, 2022, for full-text articles investigating
prognosis of COVID-19 published in any language using the
search algorithm (“COVID-19” OR “SARS-CoV-2") AND
(“"computed tomography”) AND (prognosis|MeSH Terms]) AND
(“inflammation”) AND (“radiomics”). We found one machine
learning model combining lung radiomics with clinical
information by Shiri and colleagues, which was shown to predict
in-hospital death from COVID-19 in a test set of 46 patients,
while one further study found that a positive PET scan indicated
increased risk of symptomatic SARS-CoV-2 infection and
admission to hospital in 13 patients with COVID-19. However,
we found no study that focused on non-invasive assessment of
vascular inflammation in COVID-19, or that combined
transcriptomic data with radiomics to quantify vascular
inflammation in these patients, indicating the necessity of the
present study.

Added value of this study
This study presents the first radiotranscriptomic platform
that allows development of imaging signatures of vascular

long-term complications, and help detect responders to
high-risk treatments, such as steroids.*

Perivascular adipose tissue (PVAT) has a wide range of
bidirectional interactions with the vascular wall.” Recent
evidence suggests that PVAT senses inflammatory signals
coming from the arterial wall, activates perivascular
lipolysis, and supresses adipogenesis, resulting in
accumulation of small and fat-free adipocytes in PVAT
surrounding inflamed arteries.® This response is also
accompanied by perivascular oedema, due to the increased
permeability of the inflamed perivascular arterioles,’
whereas different types of inflammation might lead to
additional perivascular angiogenesis and fibrosis.*” These
vessel-driven changes in the histological texture of PVAT
can be used to build molecular fingerprints that characterise
and quantify the extent of vascular inflammation.

We recently described a method that uses radiomic
analysis of CT images to characterise changes in the
texture of PVAT driven by inflammatory signals
originating from the adjacent arterial wall.® By applying
quantitative radiotranscriptomics, radiomic signatures of
PVAT can be developed and trained against the
transcriptomic profile of arterial tissue biopsies.” We
developed a radiotranscriptomic platform that linked RNA
sequencing data from human internal mammary arteries

inflammation from routine CT angiograms. This platform can
be used to quantify the degree of vascular inflammation in
conditions such as COVID-19 (cytokine-driven vascular
inflammation), and can help us stratify the severity of new
upcoming variants; it could also potentially guide the
deployment of specific anti-inflammatory or even anti-
thrombotic treatments to those patients who need them.
Additionally, this platform could be used to construct
radiotranscriptomic signatures of different types of vascular
inflammation, and could be particularly useful in
pharmaceutical drug development pipelines.

Implications of all the available evidence

The new radiotranscriptomic method described here allows
training of digital fingerprints of vascular disease, enabling the
performance of digital vascular biopsies from routine CT
angiograms. To the best of our knowledge, this is the first
application of this method in COVID-19, which now allows us to
detect those patients who have cytokine-driven vascular
inflammation—the subgroup of patients with COVID-19 who are
at risk of thrombosis and high mortality. This subgroup of
patients can benefit from systemic corticosteroid treatment with
dexamethasone. This method could, therefore, allow clinicians to
determine who will benefit from systemic corticosteroid
treatment at an early timepoint, allowing targeted prescribing
and avoidance of complications from unnecessary
administration of dexamethasone to non-responders.

to radiomic data of the perivascular space, extracted from
CT angiography images. This platform was used to train a
radiotranscriptomic signature in the PVAT around the
internal mammary arteries, to best describe the degree of
cytokine-driven arterial inflammation. We then tested the
performance of this signature as a biomarker of vascular
inflammation in COVID-19, and explored its prognostic
value for in-hospital hard endpoints.

Methods

Study design

A comprehensive study workflow diagram for this
prospective outcomes validation study is provided in the
appendix (p 17) and further information on recruitment
is also given in the appendix (pp 1, 18). This study was
approved by the local research ethics committee of the
University of Oxford, Oxford, UK (Oxford REC C
11/SC/0140). Detailed information on ethical approval
and patient consent for the populations in the multiple
study arms are given in the appendix (p 1). The study
complied with the Declaration of Helsinki.

Study arm 1 (design of the novel radiotranscriptomic
imaging signature, CI19-RS) comprised 55 patients
undergoing cardiac surgery from the Oxford Heart, Vessels
and Fat (Ox-HVF) cohort. Segments of internal mammary
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arteries were collected for transcriptomic analysis, and the
RNA sequencing data were linked with coronary CT
angiogram (CCTA) imaging done prospectively after
patients provided written informed consent, and used as
ground truth for machine learning modelling, to train
a radiotranscriptomic signature of cytokine-driven inflam-
mation (C19-RS), as described below.

In study arm 1, we created a platform for development
of novel imaging biomarkers of vascular inflammation, by
applying quantitative radiotranscriptomics to images
from standard CT angiography. We used RNA sequencing
data of human internal mammary arteries to build
a transcriptomic fingerprint of cytokine-driven inflam-
mation in human arteries, similar to what is observed in
COVID-19. We then used that transcriptomic fingerprint
as the ground truth, and applied machine learning to train
a radiomic signature of the perivascular space around the
internal mammary artery and the aorta of the same
patients (extracted from research coronary CT angiograms
of the same patients) to best match that transcriptomic
fingerprint of vascular cytokine-driven inflammation
(C19-RS). A detailed workflow of the steps involved in the
radiotranscriptomic platform is presented in figure 1.

We have previously shown that inflammation in the
internal mammary artery is a suitable surrogate for the
inflammatory status of the entire vasculature since it is
not affected by atherosclerotic plaque.™ Therefore, the
transcriptomic profile of the internal mammary artery
provides the optimal ground truth in a machine learning
exercise to build a CT-radiomic signature of cytokine-
induced arterial inflammation from its PVAT. The
internal mammary artery also offers a unique arterial
conduit for radiotranscriptomic analysis, given its
accessibility during cardiac surgery and the fact that it
provides homogeneous PVAT along its length, enabling
reliable extraction of radiomic features from its
perivascular space, by analysing CCTA and CT
pulmonary angiography (CTPA) images.

Study arm 2 (testing the ability of C19-RS to change
in patients with COVID-19) comprised 44 patients from
the Oxford University Hospitals National Health
Service (NHS) Foundation Trust who underwent CCTA
imaging before the COVID-19 pandemic and were
recruited prospectively. 22 of these patients who
developed COVID-19 underwent repeat CCTA within
6 months of SARS-CoV-2 infection, and 22 patients
who had no history of SARS-CoV-2 infection at the
time of screening (controls with pre-pandemic paired
scans, matched for age, sex, and BMI) also underwent
repeat CCTA (appendix p 36), as described in the
appendix (pp 5-6). This was a substudy of the Oxford
Risk Factors and non-invasive Imaging (ORFAN) study
(ClinicalTrials.gov, NCT05169333), which received
national flagship status by the National Institute of
Health Research and the British Heart Foundation
(The UK COVID-19 Cardiovascular Research
Consortium).

www.thelancet.com/digital-health Vol 4 October 2022

Study arm 3 (validation of the ability of CI19-RS to
predict in-hospital mortality in COVID-19, and its
interaction with anti-inflammatory treatments) com-
prised 418 patients from the Oxford University Hospitals
NHS Foundation Trust undergoing CTPA, who were
treated in hospital between March 13, 2020, and
Jan 7, 2021, during the first and second waves of the
pandemic (appendix p 18). 284 individuals were verified
as SARS-CoV-2 positive, based on either a positive
RT-PCR test on a pharyngeal swab or the presence of
clinicoradiological features on CT imaging. The
remaining patients served as controls and were admitted
to hospital for other reasons and had a clinically
indicated CTPA. The study arm 3 population that was
identified during the first UK wave (March—June, 2020;
n=269), and before the introduction of routine
dexamethasone treatment that could confound the study
results, was split randomly into a 20% exploratory
subpopulation and an 80% validation subpopulation.
The exploratory subpopulation was used for radiomic
feature filtering as outlined in the appendix (pp 10, 17).
The remaining 80% validation subpopulation pooled
together with the rest of the study arm 3 population
(appendix p 17; n=331) was used to test C19-RS. Viral
whole-genome sequencing was done in patients in study
arm 3 to determine lineage (appendix p 5). RNA
sequencing from whole blood was obtained for
23 patients from study arm 3, who were also part of the
COMBAT study,” a multiomic blood study of patients
with COVID-19 (South Central Oxford C Research Ethics
Committee in England: Sepsis Immunomics REC

reference  19/SC/0296; ISARIC WHO Clinical
Characterisation ~ Protocol for Severe Emerging
Infections Research Ethics Committee reference

13/SC/0149). Written informed consent was obtained
from adults or their personal or nominated consultees
for patients lacking capacity, with retrospective consent
obtained from the patient once capacity was regained.

Study arm 4 (further external validation of the
prognostic value of C19-RS in different populations)
comprised 134 patients from the University Hospitals of
Leicester NHS Trust and Royal United Hospitals Bath
NHS Trust who were verified as SARS-CoV-2 positive
and all had a CTPA during their hospital stay, of whom
104 were included in the external validation analysis
(appendix p 18). In-hospital short-term outcomes were
collected from local hospital electronic patient records.
These patients also belonged to the UK C19-CRC
substudy of the ORFAN cohort.

Tissue collection, RNA isolation, and sequencing data
analysis

In study arm 1, internal mammary artery specimens
were collected during surgery and stored at —80°C until
processed. Details of tissue collection, RNA extraction,
and RNA sequencing are provided in the appendix

(pp 2-3).
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Figure 1: Workflow for building the radiotranscriptomic signature C19-RS

Workflow depicting the multiple steps taken to develop the radiomic signature C19-RS. To limit our analysis to radiomic features that could be of value as imaging
biomarkers, we did a series of filtering steps, to exclude features that are not stable in test-retest analyses, features that are highly correlated with each other, and
features that are significantly correlated with BMI or intrathoracic adipose tissue volume, to retain only features that predict the outcome variable with the same
direction within study arm 1 and 20% of the exploratory study arm 3 subpopulation. Finally, recursive feature elimination with a random forest algorithm and
repeated five-times cross-validation showed a plateau in the accuracy of the trained model with 33 final features. Those features were next used within the study arm
1 population to train an XGBoost algorithm using decisions trees in order to identify patients with activated inflammatory pathways within their arterial vasculature.
The raw product of the algorithm was named C19-RS. PVAT=perivascular adipose tissue.

Defining inflammatory-related genes

To stratify the cohort of patients in study arm 1 by
upregulation of inflammatory pathways within the
vasculature, relevant to the cytokine storm described in
COVID-19, we compiled a list of genes relevant to
inflammation annotated in the Gene Ontology (GO)
terms “Cytokine Production” (G0:0001816) from the
GO main domain “Biological Process” and “Cytokine
Activity” (G0:005125) from the GO main domain
“Molecular Function”. This list included a range of genes
to best represent those involved in the inflammatory
response, including C-C motif chemokine ligands,
interferons, interleukins, and tumour necrosis factor
(TNF) family genes. The full list of the 145 genes selected
is provided in the appendix (p 32).

Clustering and differential expression analysis

The set of inflammatory genes was extracted from the
count table, filtered to exclude those genes with low
expression levels and used to perform unsupervised
hierarchical clustering in the study arm 1 population

(appendix pp 3-5). The clusters produced were used as
the ground truth in a machine learning exercise to build
the CT-radiomic signature C19-RS from PVAT, to
non-invasively detect this type of cytokine-induced
arterial inflammation (figure 1). The same set of genes
was extracted from the COMBAT whole-blood-
normalised gene expression for patients with a CT scan
in order to correlate any potential systemic transcriptional
changes with C19-RS.

Adipose tissue segmentation, radiomic
characterisation, and machine learning modelling

The detailed coronary and pulmonary CT angiography
acquisition protocols for image acquisition are presented
in the appendix (pp 5-7). Perivascular adipose tissue
segmentation was done manually around the right
internal mammary artery from the level of the aortic arch
to 120 mm caudally and around the descending thoracic
aorta from the level of the pulmonary artery bifurcation to
67-5 mm caudally, as previously described." To limit our
analysis to radiomic features that could be of value as
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robust imaging biomarkers, we did rigorous filtering
(figure 1), which left a selection of 33 final features used
to train the C19-RS signature (appendix p 10). The
selection process as well as the full details of the extreme
gradient boosting algorithm used to produce C19-RS are
presented in the appendix (pp 10-11).

Statistical analysis

Details of descriptive and between-group comparison
statistics, power calculations, and handling of missing data
with imputation are given in the appendix (pp 11-12).
Methods for inter-observer agreement and radiomics
quality scoring are available in the appendix (pp 9, 12).
A detailed description of all statistical analyses used in
each study arm is also presented in the appendix (pp 12-14).
When C19-RS was measured, the outcomes data were
collected and the statistical analysis took place as a post-
hoc investigation of prospectively collected data. Model
development and reporting followed TRIPOD (transparent
reporting of a multivariable prediction model for individual
prediction or diagnosis) guidelines.

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, writing
of the manuscript, or the decision to submit the
manuscript for publication.

Results

Using unsupervised hierarchical clustering, we identified
two clusters of patients with high and low inflammatory
cytokine activation within the arterial wall (figure 2A).
Key demographic and clinical characteristics for the
two clusters are presented in the appendix (p 33).
Pathway enrichment analysis with the top differentially
upregulated genes between the two clusters revealed
pathways directly related to the immune system and
cytokine signalling (figure 2B).

Following multiple filtering steps (described in the
appendix p 10 and figure 1), a final set of 33 radiomic
features was used to train an XGBoost (version 1.4.1.1)
machine learning algorithm to quantify cytokine-related
arterial inflammation. The product of the algorithm was
named C19-RS and retained 25 features (appendixpp 19, 41).
To understand the biological interpretation of C19-RS, we
tested the relation of each chosen radiomic feature with
key inflammatory genes in the arterial wall. Most C19-RS
features were differentially associated with multiple genes
relevant to cytokine production within the arterial wall
(figure 2C). C19-RS had excellent inter-observer agreement
among two independent operators (appendix p 9) and
achieved a radiomics quality score (RQS) of 77-8%," as
outlined in the appendix (pp 12, 34-35).

22 patients who had a CCTA before the COVID-19
pandemic (ie, before March, 2020) underwent repeat
CCTA less than 6 months after SARS-CoV-2 infection.
22 controls (matched for age, sex, and BMI) who had

www.thelancet.com/digital-health Vol 4 October 2022

paired CCTA scans before the COVID-19 pandemic were
also identified, and CI19-RS was determined in all
88 paired scans (figure 3A). Demographics are provided
in the appendix (p 36). We observed that C19-RS was
increased in the COVID-19 group but not in the control
group (figure 3B). Indeed, the §(C19-RS) was strikingly
different in patients with COVID-19 versus control
patients (p=0-0049; figure 3C).

To further test whether C19-RS is applicable in different
types of CT angiograms, we applied the signature in non-
gated pulmonary artery CT angiograms often done during
the acute phase of SARS-CoV-2 infection, in study arm 3
(appendix p 37). C19-RS was significantly higher in
SARS-CoV-2-positive patients (on the basis of CT
angiograms performed during their hospital admission)
compared to SARS-CoV-2-negative patients admitted to
hospital during the same period (figure 3D). An optimal
cutoff’ point for the detection of SARS-CoV-2-positive
patients was determined by Youden’s index (C19-RS 4-21,
appendix p 20); patients with C19-RS above that cutoff
(n=237) had an adjusted odds ratio (OR) of 2-97 (95% CI
1-43-6-27, p=0-0038) of being SARS-CoV-2 positive
compared to patients with low C19-RS values (n=94), after
adjusting for age older than 65 years, sex, cardiovascular
risk factors (hypertension, hyperlipidaemia, diabetes,
BMI, and the presence of coronary artery disease), plasma
C-reactive protein (CRP) plasma concentrations, white
blood cell count, plasma troponin concentrations, history
of chronic obstructive pulmonary disease, and CT scan
tube voltage. Addition of the top third (n=8) of radiomic
features comprising C19-RS significantly improved the
discrimination of a baseline model consisting of the
aforementioned covariates for COVID-19 diagnosis
(p=0-0066; appendix p 21).

To study the ability of different SARS-CoV-2 variants to
cause different degrees of vascular inflammation in line
with the severity of disease, we used viral whole-genome
sequencing to determine infecting lineages in study
arm 3. 115 patients underwent viral whole-genome
sequencing, with 71 patients found to have the B.1.1.7
(alpha) variant. Indeed, C19-RS had significantly higher
values in patients with the B.1.1.7 variant than in those
who were infected with the wild-type SARS-CoV-2 variant
(p=0-025; figure 3E). C19-RS was able to distinguish
patients infected with the B.1.1.7 variant from those
infected with non-B.1.1.7 variants even after adjusting for
age, sex, the presence of coronary artery disease, history
of chronic obstructive pulmonary disease, white blood
cell count, plasma CRP plasma concentrations, and
plasma troponin concentrations (adjusted OR 1-89
[95% CI 1-17-3-20] per SD, p=0-012).

39 SARS-CoV-2-positive patients in study arm 3 died in
hospital, and 84 had a composite endpoint of either death
in hospital or admission to the intensive care unit
(appendix p 18). C19-RS was able to predict both death in
hospital (area under the curve [AUC] 66-5%) and the
composite endpoint (AUC 67-2%), even when it was used
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For the ConsensusPathDB
database see http://cpdb.
molgen.mpg.de/

as a single variable (figure 4A). C19-RS could predict death
in hospital with a hazard ratio of 1-91 (95% CI 1-23-2-96,
p=0-0036) per SD increase, adjusted for clinical and

biochemical risk factors and tube voltage. Based on an
optimal cutoff point (C19-RS 6-99, appendix p 22), patients
with high C19-RS values (26-99) had a 3-3-times higher
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Figure 2: Unsupervised hierarchical clustering of cytokine production genes expressed in human internal mammary arteries in the study arm 1 population

(A) Unsupervised hierarchical clustering of the list of genes relevant to inflammation annotated in the Gene Ontology (GO) terms “Cytokine Production” (GO:0001816)
from the GO main domain “Biological Process” and “Cytokine Activity” (GO:005125) from the GO main domain “Molecular Function”. Hierarchical clustering was done
with Ward’s method and Minkowski distance, with the Minkowski distance metric, p, set to 10. (B) Enriched signalling pathways of differentially expressed genes
between the two clusters of vascular inflammation identified through ConsensusPathDB. (C) Feature importance of the top 20 radiomic features comprising C19-RS
and their correlation with cpm (count per million) values with key inflammatory genes in the study arm 1 population (the asterisk denotes significance, p<0-05 by the
Spearman’s p correlation coefficient). An index of the radiomic features included in the figure is presented in the appendix (p 41). The full list of the 145 genes selected

is also provided in the appendix (p 32). IMA=internal mammary artery.
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risk of in-hospital death than patients with low C19-RS
values (<6-99; figure 4C). The addition of C19-RS to a
comprehensive baseline model consisting of clinical and
biochemical risk factors as well as tube voltage significantly
improved the accuracy of the model (SAUC=0-04,
Poetong=0-046, P,,,,.<0-0001) for predicting the composite
endpoint in SARS-CoV-2-positive patients (figure 4B). A
decision curve analysis for the composite endpoint is
shown in the appendix (p 23). As expected, C19-RS was
significantly correlated with plasma CRP concentrations
(p=0-18, p=0-0033), but the weak correlation coefficient
confirms that vascular inflammation is poorly captured by
measuring systemic inflammatory biomarkers. CI19-RS
was also positively related to the length of hospital stay
(p=0-20, p=0-0017). In a subgroup analysis, we identified
patients with no apparent myocardial damage (high
sensitivity troponin <20 ng/L), and patients with plasma
CRP less than 50 mg/L. Details of missing data are
provided in the appendix (p 43). As shown in the appendix
(p 42), among 182 patients with no apparent myocardial
injury, a high rate of death and the composite endpoint
was seen, with 61 (33-5%) of 182 patients identified to have
a high degree of vascular inflammation as measured with
C19-RS. Among patients with low troponin, there were
16 deaths, 11 of which could have been predicted by C19-RS
when used as a single variable, while among those with
low CRP (<50mg/L) there were nine deaths, five of which
happened among patients with C19-RS above the 6-99
cutoff’ that defines patients as high risk for in-hospital
mortality. Therefore, it appears that even in patients who
do not acutely have any cardiovascular complications and
have no increase in plasma inflammatory biomarkers,
vascular inflammation might still be present and affect
clinical outcomes.

The inclusion of patients from the second wave of the
pandemic in the UK in study arm 3 (October, 2020, to
January, 2021) provided an opportunity to do subgroup
analyses based on treatment strategies deployed while
the pandemic was still unfolding. Dexamethasone was
not part of standard treatment during the first months of
the pandemic; however, it became an essential element

Figure 3: C19-RS for COVID-19 detection

(A) lllustration of PVAT mapping in CCTA in a patient 3 years before and during
SARS-CoV-2 infection. (B) C19-RS was significantly higher in patients who
developed COVID-19 compared to baseline scans, whereas in matched paired
controls C19-RS showed no significant change over time. Data are presented as
box plots (medians and IQRs). (C) Comparison of the & values in C19-RS
between baseline and follow-up. Data are presented as means (SEs). (D) C19-RS
values were higher in SARS-CoV-2-positive patients, with an area under the
curve for COVID-19 detection of 0-66 (95% Cl 0-59-0-74, p<0-001). (E) Patients
with the B.1.1.7 SARS-CoV-2 variant after viral genome sequencing had
significantly higher C19-RS values than those infected with the wild-type SARS-
CoV-2 variant, suggesting higher degrees of vascular inflammation (data
presented as means [SEs] for visualisation). Comparisons made by Wilcoxon
signed-rank test in panel B and by Mann-Whitney U test in all other panels.
AU=abstract units. CCTA=coronary CT angiogram. HU=Hounsfield units.
IMA=internal mammary artery. PVAT=perivascular adipose tissue.

www.thelancet.com/digital-health Vol 4 October 2022

of COVID-19 management in the second wave. We
therefore did a sensitivity analysis with patients receiving
dexamethasone (appendix p 14). In the sensitivity
analysis with patients receiving dexamethasone, we
observed that the prognostic value of C19-RS was
decreased (adjusted hazard ratio [HR] 2-27 [p=0-18]
vs 8-24 [p=0-0019] in patients receiving dexamethasone
vs those not receiving it; figure 4D, E).

Since generalisability is a limitation of machine
learning models, we next evaluated the robustness of
C19-RS as a prognostic imaging biomarker of arterial
inflammation in COVID-19 in a third independent
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study arm (study arm 4), comprising 104 consecutive
SARS-CoV-2-positive patients from different locations
with different local demographics from Bath and
Leicester (appendix p 38). 34 in-hospital deaths were
recorded, while the composite endpoint was reached in
60 patients (appendix p 18). C19-RS was associated with
mortality, even after adjusting for clinical and biochemical
risk factors and tube voltage (adjusted HR 1-61 [95% CI
1-08-2-40] per SD increase, p=0-019). Using the optimal
cutoff point calculated in study arm 3 (C19-RS 6-99),
patients with high C19-RS values had a 2-6-times higher
risk of in-hospital death than patients with low C19-RS

Sensitivity
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values after aforementioned adjustments (figure 4F).
Patients with high C19-RS values also had a 4-9-times
higher risk of meeting the composite endpoint than
those with low C19-RS values (adjusted OR 4-92 [95% CI
1-54-18-02, p=0-0104). This provides an external
validation of C19-RS with different scanners and hospital
settings in patients from different geographical locations
than those in study arm 3 (appendix pp 5-7).

Training of C19-RS included gated coronary CTAs and
validation included non-gated pulmonary CTAs,
involving two different imaging phases and scan
settings. However, C19-RS analysis is done in the
perivascular space, and it does not correlate with the
lumen attenuation (appendix p 30). Addition of rater as
a covariate in our multivariable models had no impact
on the significance or effect size of C19-RS on the
prediction of in-hospital outcomes (the adjusted HR for
high C19-RS in predicting in-hospital mortality was
3-20[95% CI 1-42-7-19], p=0-0049 in study arm 3 and
2-85 [1-20-6-75], p=0-013 in study arm 4; appendix
p 9). Additionally, there were no significant differences
in C19-RS values between CCTA and CTPAs (p=0-21;
appendix p 31). Sensitivity analyses for our prognostic
models excluding variables with missingness above
10% showed similar results (appendix p 43).

Figure 4: Prognostic value of C19-RS

(A) Univariate receiver operating characteristic (ROC) analysis for the ability of
C19-RS to predict death in hospital and a composite endpoint of death in-
hospital or intensive care unit (ICU) admission, or both, in the SARS-CoV-2-
positive study arm 3 population (n=254). (B) Comparison of ROCs derived from
logistic regression models showcasing the additive value of C19-RS in the SARS-
CoV-2-positive study arm 3 population (n=254). Model 1 consists of
demographic variables (age, sex, hypertension, hyperlipidaemia, diabetes, BMI,
presence of coronary artery disease, and history of chronic obstructive
pulmonary disease), and tube voltage. Model 2 includes, in addition to the
variables in model 1, biochemistry biomarkers (white blood cell count, C-reactive
protein, and plasma troponin). Model 3 includes all parameters in model 2 plus
C19-RS. (C) Kaplan-Meier curve and adjusted hazard ratio (HR) for in-hospital
death for high versus low C19-RS groups in the SARS-CoV-2-positive study

arm 3 population (n=254; n=139 from the first wave and n=115 from the second
wave) with 39 deaths. HR adjusted for age older than 65 years, sex,
cardiovascular risk factors (hypertension, hyperlipidaemia, diabetes, BMI, and
presence of coronary artery disease), C-reactive protein plasma concentrations,
white blood cell count, plasma troponin, history of chronic obstructive
pulmonary disease, tube voltage, and dexamethasone treatment. (D) Kaplan-
Meier curve and adjusted HR for in-hospital death for high versus low C19-RS
groups in the SARS-CoV-2-positive study arm 3 population that did not receive
dexamethasone treatment (n=144 with 19 deaths). (E) Kaplan-Meier curve and
adjusted HR for in-hospital death for high versus low C19-RS groups in the
SARS-CoV-2-positive study arm 3 population that received dexamethasone
treatment (n=110 with 20 deaths). HRs in panels D and E adjusted for age older
than 65 years, sex, cardiovascular risk factors (hypertension, hyperlipidaemia,
diabetes, and BMI), C-reactive protein plasma concentrations, white blood cell
count, history of chronic obstructive pulmonary disease, and tube voltage.

(F) Kaplan-Meier curve and adjusted HR for in-hospital death for high versus low
C19-RS groups in the external validation study arm 4 population (n=104 with
34 deaths). HR adjusted for age older than 65 years, sex, cardiovascular risk
factors (hypertension, hyperlipidaemia, diabetes, BMI, and presence of coronary
artery disease), C-reactive protein plasma concentrations, white blood cell count,
plasma troponin, history of chronic obstructive pulmonary disease, and tube
voltage. Py, value less than 0-05 for AUC comparisons.
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To further explore the cause of vascular inflammation
detected by C19-RS, we examined the gene expression
profiles of whole blood from 23 patients. We first
examined the expression of the inflammatory gene set
(77 inflammatory genes expressed in whole blood). No
relationship was found between the expression profile of
these genes and the C19-RS score (appendix pp 25-26),
nor were any genes significantly differentially expressed
(false discovery rate-adjusted p<0-05) between patients
with a high or low CI19-RS score in a global analysis,
suggesting that C19-RS is a vessel-centric inflammatory
signature, not captured by measurements of systemic
inflammation (appendix p 24). However, when analysing
the correlation of C19-RS with eigengenes summarising
gene coexpression modules derived with weighted gene
correlation network analysis on the full COMBAT dataset
(appendix pp 25-26), we found a correlation between
C19-RS and the MEgreen eigengene module (r=0-61,
p=0-00031; appendix pp 25-26, 44—64), which is highly
enriched in coagulation pathways (appendix pp 25-26,
65-67).

Discussion

We present a new platform that uses quantitative
radiotranscriptomics to measure cytokine-induced
vascular inflammation from routine CT angiograms of
the coronary or pulmonary arteries. A radiotranscriptomic
signature (C19-RS) was developed with radiomic analysis
of the perivascular space around the internal mammary
arteries and the aorta, and it was trained against the
RNA-sequencing transcriptomic fingerprint of vascular
cytokine-driven inflammation of internal mammary
artery biopsies. C19-RS was found to significantly
increase after SARS-CoV-2 infection, and its increase was
related to high activation of prothrombotic pathways in
the circulating blood, and increased risk of in-hospital
mortality. Treatment with dexamethasone seems to be
effective in reducing the vascular inflammatory risk of
in-hospital mortality in patients with COVID-19. These
findings suggest that radiotranscriptomic biomarkers
could be used to inform deployment of anti-inflammatory
treatments to those patients who need them, in
COVID-19 and beyond. The links between C19-RS and
coagulation (but not with inflammatory signatures in
peripheral blood) imply that vascular inflammation
might be the trigger of thrombosis, which is responsible
for multiorgan failure in COVID-19. This provides an

important mechanistic insight into COVID-19
pathogenesis.
Acute cytokine-driven inflammation observed in

COVID-19 leads to microthrombosis in pulmonary as well
as systemic circulation, contributing to hypoxic respiratory
failure from acute respiratory distress syndrome" and
multiorgan failure.”® SARS-CoV-2 binds to the
angiotensin-converting enzyme 2 (ACE2) receptor,
expressed in the vasculature,” triggering a cytokine storm
in the arterial wall’ that increases vascular permeability
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and changes the texture of perivascular structures,
including PVAT. Quantifying cytokine-induced vascular
inflammation in patients with COVID-19 is an unmet
need not only for risk stratification of patients admitted to
hospital to optimise management and allocation of
resources, but also for informing deployment of preventive
measures after hospital discharge, as viral infections have
been known to increase the risk of future cardiovascular
events.”

Vessel-derived cytokines diffuse into the perivascular
space and cause characteristic changes in the texture of the
perivascular space, which can be captured and quantified
in clinical CT angiography using texture radiomics.” By
using a radiotranscriptomic approach, we constructed a
novel imaging signature, the C19-RS, which can be
extracted from any CT angiogram that visualises the
internal mammary arteries, and provides a quantitative
measure of cytokine-induced vascular inflammation in
patients with acute SARS-CoV-2 infection. The power of
this radiotranscriptomic approach is highlighted by the
fact that the C19-RS was trained with gated coronary CT
angiograms from patients without COVID-19 and was
then tested in CT angiograms of the pulmonary artery, in
patients with COVID-19 from three different geographical
areas in England, with striking prognostic value. This
COVID-19-related inflammatory risk was found to respond
well to dexamethasone treatment, suggesting that it could
be used to inform deployment of steroids to those who
need them. This is important as corticosteroids increase
the risk of mucormycosis, a rare fungal infection with
a 30-7% mortality rate in patients with COVID-19,” so
imaging-guided prescription of these drugs could have
a major impact in the management of these patients.
Furthermore, as C19-RS is a generic signature of cytokine-
driven vascular inflammation, it is expected to be applicable
in other diseases beyond COVID-19. This study also shows
that platforms based on quantitative radiotranscriptomics
can offer unique opportunities for rapid development of
custom-made, non-invasive imaging biomarkers that
describe the underlying vascular biology against which
they have been trained. Although other studies have used
radiomics-based analyses of the lungs to predict COVID-19
outcomes,”™ this study is, to the best of our knowledge,
the first to apply a radiotranscriptomic approach to
quantify vascular inflammation in COVID-19, and paves
the way for wider adoption of this approach in the search
for novel imaging biomarkers. Future directions could
involve application of this approach in different types of
vascular inflammatory diseases, such as aortic aneurysms,
carotid artery disease, or even autoimmune diseases such
as temporal arteritis. This approach also offers unique
opportunities for the management of future outbreaks of
novel SARS-CoV-2 variants or other infectious disease
outbreaks.

The limitations of this study include the fact that the
effect of dexamethasone on the vascular inflammatory
risk defined by CI19-RS was not investigated in a
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randomised clinical trial setting and should therefore be
considered as hypothesis generating. Additionally, no
race or ethnicity data were included in the adjustments,
and viral sequencing was only done for the SARS-CoV-2
B.1.1.7 variant. Moreover, the testing populations in our
study were highly selected patients admitted to hospital
with acute COVID-19 undergoing CTPA imaging, and
the results cannot be extrapolated to the general
population with COVID-19. Training and validation of
C19-RS included coronary and pulmonary CT
angiograms, involving two different imaging phases.
Although the different scan settings could have
introduced noise in the CTPA analysis, the striking
prognostic value of C19-RS extracted from CTPA scans of
patients with COVID-19 provides additional evidence for
the potential generalisability of the signature. The
subanalysis for correlation between C19-RS and the gene
expression profiles of whole blood was performed in a
small number of patients (n=23), and the sampling
timepoint for bulk RNA sequencing is not absolutely
contemporaneous, ranging between 12 days before and
6 days after the C19-RS measurement (appendix p 25).
Additionally, a subset of patients in study arm 3 was used
in one of the radiomic features filtering steps, with the
remainder of the study arm 3 population serving as an
internal test cohort. Given the real-world setting of this
study, we applied imputation for missing values to
include datasets that were as complete as possible.

In conclusion, in this study we presented a novel
radiotranscriptomic platform that allows development of
customised imaging biomarkers of vascular inflammation,
tailored to the type of vascular inflammation of interest,
and the changes that it causes to the perivascular space.
This new platform was tested in patients with COVID-19
by constructing and validating a signature of cytokine-
driven vascular inflammation (C19-RS). This signature
has prognostic value for COVID-19 outcomes, particularly
for in-hospital mortality, and it identifies potential
responders to corticosteroids. This technology could be
used, pending further validation, to stratify patients after
they develop SARS-CoV-2 infection, and it could also
potentially be applicable to various vascular inflammatory
diseases, where cytokine-driven inflammation is bio-
logically relevant, following appropriate independent vali-
dation and cost-effectiveness analyses.
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