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Aims Coronary computed tomography angiography (CCTA) is a first-line modality in the investigation of suspected
coronary artery disease (CAD). Mapping of perivascular fat attenuation index (FAI) on routine CCTA enables the
non-invasive detection of coronary artery inflammation by quantifying spatial changes in perivascular fat composi-
tion. We now report the performance of a new medical device, CaRi-HeartVR , which integrates standardized FAI
mapping together with clinical risk factors and plaque metrics to provide individualized cardiovascular risk
prediction.

.....................................................................................................................................................................................................
Methods
and results

The study included 3912 consecutive patients undergoing CCTA as part of clinical care in the USA (n = 2040)
and Europe (n = 1872). These cohorts were used to generate age-specific nomograms and percentile curves as
reference maps for the standardized interpretation of FAI. The first output of CaRi-HeartVR is the FAI-Score of each
coronary artery, which provides a measure of coronary inflammation adjusted for technical, biological, and anatomi-
cal characteristics. FAI-Score is then incorporated into a risk prediction algorithm together with clinical risk factors
and CCTA-derived coronary plaque metrics to generate the CaRi-HeartVR Risk that predicts the likelihood of a fatal
cardiac event at 8 years. CaRi-HeartVR Risk was trained in the US population and its performance was validated
externally in the European population. It improved risk discrimination over a clinical risk factor-based model
[D(C-statistic) of 0.085, P = 0.01 in the US Cohort and 0.149, P < 0.001 in the European cohort] and had a
consistent net clinical benefit on decision curve analysis above a baseline traditional risk factor-based model across
the spectrum of cardiac risk.

.....................................................................................................................................................................................................
Conclusion Mapping of perivascular FAI on CCTA enables the non-invasive detection of coronary artery inflammation by quan-

tifying spatial changes in perivascular fat composition. We now report the performance of a new medical device,
CaRi-HeartVR , which allows standardized measurement of coronary inflammation by calculating the FAI-Score of
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each coronary artery. The CaRi-HeartVR device provides a reliable prediction of the patient’s absolute risk for a fatal
cardiac event by incorporating traditional cardiovascular risk factors along with comprehensive CCTA coronary pla-
que and perivascular adipose tissue phenotyping. This integration advances the prognostic utility of CCTA for indi-
vidual patients and paves the way for its use as a dual diagnostic and prognostic tool among patients referred for
CCTA.
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1. Introduction

The recognition of perivascular adipose tissue (PVAT) as an in vivo molec-
ular sensor of vascular inflammation has led to the development of new
imaging technologies that can detect phenotypic changes in PVAT com-
position, thereby allowing the non-invasive quantification of coronary in-
flammation.1,2 Fat attenuation index (FAI) mapping, first described in
2017, was derived from studies which demonstrated that inflammatory
molecules released from the human vascular wall inhibit adipogenesis
and stimulate lipolysis in the adjacent PVAT. These changes modify
PVAT composition from a greater lipophilic to a greater aqueous con-
tent in a spatial relationship with the inflamed vascular wall.2 Since coro-
nary computed tomography angiography (CCTA) is now a first-line
investigation in the assessment of chest pain,3–5 and with the prospect of
using CCTA as a screening tool in high-risk asymptomatic individuals,6–8

FAI provides a method to extract functional information from an existing
‘anatomical’ test with no additional scanning time or radiation exposure
for the patient.

Several clinical studies have now assessed the diagnostic and prognos-
tic utility of FAI in a range of clinical scenarios. In the largest of these stud-
ies, which included 3912 patients undergoing clinically indicated CCTA
(CRISP-CT study), FAI mapping improved the prediction of adverse car-
diac events beyond traditional risk factors and CCTA metrics, such as
the extent of coronary atherosclerosis, coronary calcium score (CCS),
and presence of high-risk plaque features.9 Further studies have shown
that PVAT attenuation can identify culprit lesions in patients presenting
with acute myocardial infarction,2 and reliably identify areas of microcal-
cification and inflammation.10

However, the clinical interpretation of a given FAI value depends
on a range of technical factors (e.g. tube voltage, contrast media etc.),
local anatomical characteristics of the coronary artery under investiga-
tion (e.g. the coronary artery segment where it is measured), and bio-
logical factors including patient demographics (e.g. age, gender, and
obesity).1 This limits the clinical value of uncorrected perivascular fat
attenuation measurement, and calls for the development of standard-
ized metrics to quantify the degree of coronary inflammation based
on FAI mapping, to enable effective integration into the clinical
workflow.11

Traditional models of primary prevention rely on the use of clinical
risk factor-based prediction tools (e.g. the ESC-SCORE),12 which do not
capture information about the presence, extent, or nature of coronary
atherosclerosis. Although imaging-derived metrics, such as CCS can be
used to further stratify cardiovascular risk,13 CCS predominantly reflects
the presence of calcified plaques and is often increased by statin treat-
ment.14 Newer plaque interpretation scores (e.g. the Coronary Artery
Disease—Reporting and Data System)15 exist but are limited to quantify-
ing the extent of coronary atherosclerotic disease and do not capture
underlying clinical and biological risk factors, such as measures of coro-
nary inflammation. In this context, quantifying the degree of vascular in-
flammation through perivascular FAI mapping may introduce further
confusion. A new medical device, CaRi-HeartVR (Caristo Diagnostics,
Oxford, UK), was developed to integrate such information on clinical
risk factors, coronary plaques, and the degree of coronary inflammation
in a way that enables individualized estimation of a patient’s cardiac risk.
We now evaluate the performance of CaRi-HeartVR in a multinational co-
hort of patients undergoing CCTA.

2. Methods

2.1 Study population
This study included two independent cohorts of patients as part of the
CRISP-CT study,9 now part of the broader Oxford Risk Factors and
Non-Invasive Imaging Study. The study population consisted of 3912
patients undergoing clinically indicated CCTA for evaluation of stable
coronary disease in two large academic centres in Europe and the USA.
The US cohort included 2040 patients undergoing CCTA at Cleveland
Clinic, Cleveland, Ohio, between 2008 and 2016 [1126 (55.2%) males,
median age of 53 (range: 19–87) years]. The European cohort consisted
of 1872 patients [1178 (62.9%) males, median age of 62 (range: 17–89)
years] who underwent CCTA between 2005 and 2009 at the Erlangen
University Hospital (Erlangen, Germany). The key characteristics, pre-
senting symptoms, and indications for the study population are summa-
rized in Table 1.

Definitions of risk factors as well as adjudicated endpoints have been
described elsewhere.9 Briefly, cardiac mortality was defined as any death
due to proximate cardiac causes (e.g. myocardial infarction, low-output
heart failure, and fatal arrhythmia). Deaths fulfilling the criteria of sudden
cardiac death were also included in this group.16,17

The study was approved by the respective institutional review boards
(ORFAN study: South Central—Oxford C Research Ethics Committee
15/SC/0545) and local ethics committees (Cleveland Clinic IRB 17-915 &
ethics committee of the Friedrich-Alexander University Erlangen-
Nürnberg) and conformed to the principles outlined in the Declaration
of Helsinki.

2.2 CaRi-Heart
VR

device description
CaRi-HeartVR is a cloud-based CE-marked medical device (Caristo
Diagnostics Ltd, Oxford UK) that provides information about vascular-
related inflammation from CCTA images, and calculates measures
related to the risk of cardiac mortality due to coronary-related inflamma-
tion, coronary atherosclerosis, and other clinical risk factors. CT scan
data can be sent electronically to the system from hospital picture archiv-
ing and communication systems (PACS) using a gateway appliance
installed in the healthcare provider’s network. Reports are electronically
sent back to originating PACS or by email. Although the segmentation of
epicardial adipose tissue and the perivascular space is done using a deep
learning network, the device includes a quality control step by a trained
analyst, who checks and edits the segmentations accordingly.
Segmentation and quantification of the perivascular FAI around the right
coronary artery (RCA), left anterior descending artery (LAD), and left
circumflex artery (LCX) were performed according to previously de-
scribed protocols.2,9 Three appropriately trained analysts, members of
the Oxford Academic Cardiovascular CT Core Lab (OXACCT) at the
University of Oxford were involved in the analysis of the present dataset,
and the between-reader variability for FAI and FAI-Score are excellent
(intra-class correlation coefficient ICC: 0.980, P < 0.001 for the RCA,
0.990 P < 0.001 for the LAD, and 0.992, P < 0.001 for the LCX).

The principal outputs of the CaRi-HeartVR medical device are:

(1) The FAI for the proximal segments of each of the major coronary
arteries.

(2) The FAI-Score for each of the major coronary arteries, representing
the FAI weighted for technical scan parameters (e.g. tube voltage), ana-
tomical factors related with the fat distribution around the arteries and
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.
basic demographics (age, sex); FAI-Score is also accompanied by vessel-
specific nomograms for each coronary territory to allow individualized
interpretation of the degree of local coronary inflammation.

(3) The CaRi-HeartV
R

Risk representing the individualized patient risk of a
fatal cardiac event at 8 years. This metric incorporates the FAI-Score
values into a prognostic model that includes information about athero-
sclerotic plaque burden [as described through the modified Duke
coronary artery disease (CAD) index]18 and clinical risk factors
(diabetes, smoking, hyperlipidaemia, and hypertension).

2.3 Statistical analysis
Participant demographics are summarized as numbers (percentages) or
median (range or 25th–75th percentile as specified) for categorical and
continuous variables, respectively (unless specified otherwise). Between-
group comparisons were performed using Pearson’s v2 for categorical
variables and Mann–Whitney’s test or unpaired Student’s t-test (as ap-
propriate) for continuous variables. Correlations between continuous
predictors were assessed using Spearman’s rho coefficient. Missing data

were imputed using the multiple imputation by chained equations
method (package mice in R) with a bootstrapped logistic regression
model for categorical (binary) variables and mean imputation for contin-
uous variables.

The prognostic value of FAI-Score of each coronary artery against
fatal cardiac events was then validated by using both univariate analysis as
well as Cox-regression model, after inclusion of the patient risk factors
into the models. The prognostic value of FAI-Score of each coronary ar-
tery is graphically summarized by plotting the log[hazard ratio (HR)]
against FAI-Score, using the median FAI-Score value as reference, and
the results from the Cox-regression analysis are presented as HR [95%
confidence interval (95% CI)] per unit change (or standard deviation
increments) of FAI-Score.

In the second part of the study, we evaluated the performance of
CaRi-HeartVR Risk in the USA (training) and European (testing) study
populations. For validation purposes, a range of metrics are presented,
including Nagelkerke’s R2, the discrimination index D, the unreliability in-
dex U, the overall quality index Q (=D-U), the C-index (concordance)

..............................................................................................................................................................................................................................

Table 1 Cohort demographics and clinical characteristics

American cohort European cohort P-value

Location Cleveland, Erlangen,

OH, USA Germany

Eligible subjects included in the study, n (%) 2040 (100) 1872 (100) –

Age in years (median [range]) 53 [43–62] 62 [52–68] <0.001

Male sex, n (%) 1126 (55.2) 1178 (62.9) <0.001

Risk factors* (n, valid %)

Hypertension 949 (46.5) 1068 (62.0) <0.001

Hypercholesterolaemia 1126 (55.2) 930 (54.7) 0.78

Diabetes mellitus 219 (10.7) 215 (12.4) 0.11

Smoking 465 (22.8) 221 (12.8) <0.001

Reason for referral

Assessment of coronary artery disease 1761 (86.4) 1790 (95.6) <0.001

Symptoms prior to scan <0.001

Chest pain 1184 (58.0) 764 (43.4)

Dyspnoea 452 (22.2) 193 (10.8)

Medications at baseline** (n, valid %)

Antiplatelets (aspirin/clopidogrel/ticagrelor) 987 (48.4) 606 (37.6) <0.001

Statins 813 (39.9) 557 (34.6) 0.001

ACEi or ARBs 599 (29.4) 696 (43.1) <0.001

Beta-blockers 303 (14.9) 721 (44.8) <0.001

Modified Duke prognostic CAD index, n (%)

<50% stenosis 1044 (55.8) 1690 (82.8) <0.001

>_2 mild stenoses with proximal CAD in 1 artery or 1 moderate stenosis 518 (27.7) 212 (10.4)

2 moderate stenoses or 1 severe stenosis 66 (3.5) 100 (4.9)

3 moderate stenoses, 2 severe stenoses, or severe stenosis in the proximal LAD 152 (8.1) 9 (0.4)

3 severe stenoses or 2 severe stenoses in the proximal LAD 18 (1.0) 14 (0.7)

>_50% stenosis in left main coronary artery 74 (3.9) 15 (0.7)

Prospective follow-up

Duration in months (median [range]) 53.8 [4–105] 72 [51–109] <0.001

All-cause mortality, n (%) 85 (4.2) 114 (6.1) –

Cardiac mortality, n (%) 48 (2.4) 26 (1.4)

Values presented as median (25th–75th percentile) or number (percentages, %); maximum missingness in the European cohort: *9.2%, **13.9%.
ACEi, Angiotensin-converting enzyme inhibitors; ARBs, angiotensin-II-receptor blockers; CAD, coronary artery disease; CT, computed tomography.
P-values are derived from Mann–Whitney U test (continuous variables) and Pearson’s v2 test (categorical variables) comparisons between the two cohorts.
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..and Somer’s Dxy [=2�(C-0.5)], and the calibration slope, all with
optimism-adjustment and 95% CI calculated using bootstrapping with
200 replications. Finally, CaRi-HeartVR Risk was compared to a baseline
cardiac risk prediction tool consisting of age, sex, hypertension, hyper-
cholesterolaemia, diabetes mellitus, and smoking (both with or without
inclusion of CAD presence and extent)18 to better understand the incre-
mental prognostic value of comprehensive CCTA-phenotyping in this
patient population. Improvement in discrimination was assessed by com-
paring the time-dependent C-statistic of the two models across different
follow-up times, as well as by calculating the net reclassification improve-
ment (NRI), integrated discrimination improvement (IDI), and median
improvement at 8 years (95% CI calculated using bootstrapping with 200
replications).16

Finally, the net benefit of using CaRi-HeartVR Risk over a baseline
clinical risk model was assessed using a decision curve analysis.19 In this
analysis, the y axis reflects the net benefit, while the x axis reflects varying
probability thresholds (for the outcome of interest, i.e. cardiac mortality

over 8 years of follow-up). The probability threshold describes the mini-
mum probability of disease at which further intervention would be war-
ranted. This threshold tends to be lower for interventions with high
efficacy and low cost, though higher for minimally effective treatments or
those associated with significant morbidity. Conversely, the net benefit
reflects the difference between the expected benefit (number of patients
truly at risk who will receive an intervention using the proposed strategy)
and harm [number of patients without the disease who would be treated
unnecessarily (false positives)], weighted by the odds of the risk thresh-
old. This graphical method enables the comparison of the net
clinical benefit of different approaches across different levels of estimated
risk.

Statistical analysis was performed in the R environment (R 4.0.2, The R
Foundation for Statistical Computing, http://www.R-project.org) using R
studio (version 4.0.2) and the following packages: rms, survival,
riskRegression, survIDINRI, timeROC, survivalROC, caret. Hmisc, Design, rmda.

Figure 1 FAI-Score nomograms across different age groups based on two international cohorts from Europe and the USA. Estimated nomograms with
percentile curves for FAI-Score across different age strata for each one of the main coronary territories [LAD, left anterior descending artery (A); RCA, right
coronary artery (B); LCX, left circumflex coronary artery (C)]. FAI, fat attenuation index. N = 3912 participants per panel.
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Figure 2 Prognostic value of vessel-specific FAI-Scores for cardiac mortality. Association between FAI-Score calculated around the RCA (A and B), LAD
(C and D) and LCX (E and F) in the American (A, C, and E, n = 2040 participants) and European cohorts (B, D, and F, n = 1872 participants). FAI: fat attenuation
index.
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3. Results

Within the US cohort of 2040 patients with a median follow-up of
53.8 months (range: 4–105 months), a total of 85 deaths were reported,
48 of which were cardiac. In the European cohort of 1872 patients with a
median follow-up period of 72 months (range: 51–109 months), a total
of 26 deaths were attributed to confirmed cardiac causes and 16 were

deaths of unknown cause out of a total of 114 deaths. Patient demo-
graphics are presented in Table 1.

3.1 Standardizing FAI through the
FAI-Score
To better understand how to interpret FAI-Score at an individual patient
level, we calculated nomograms and percentile curves for FAI-Score
around each one of the coronary vessels in a pooled analysis (Figure 1).
As shown, FAI-Score increases with age. The associated percentile
curves represent estimates of the distribution of FAI-Score in a represen-
tative sample of patients undergoing clinically indicated CCTA. Of note,
FAI-Scores around the RCA, LAD, and LCX retain their prognostic value
in both independent datasets, with higher scores linked to a higher subse-
quent risk of fatal cardiac events (Figure 2). This was preserved when
FAI-Score for each coronary artery was used as a continuous variable in
both univariate and multivariable Cox-regression (Table 2 and
Supplementary material online, Table S1), whereas a graded (dose–
response) relationship was noted between a patient’s age- and sex-stan-
dardized FAI-Score percentile and the relative risk of cardiac mortality
(Supplementary material online, Table S2). Notably, there was no

......................................................................................................

Table 2 HR (and 95% CI) for risk of fatal cardiac events in
the USA and European cohorts

US cohort

(n 5 2040)

European cohort

(n 5 1872)

FAI-score RCA 1.17 (1.13–1.21), P < 0.001 1.06 (1.04–1.08), P < 0.001

FAI-score LAD 1.11 (1.07–1.15), P < 0.001 1.07 (1.05–1.09), P < 0.001

FAI-score LCx 1.19 (1.14–1.25), P < 0.001 1.08 (1.04–1.12), P < 0.001

CaRi-HeartV
R risk 1.10 (1.07–1.12), P < 0.001 1.06 (1.04–1.08), P < 0.001

HR calculated per 1 unit increment in FAI-score or CaRi-HeartV
R

risk. Unadjusted
hazard ratios are reported.
95% CI, 95% confidence interval; FAI, fat attenuation index; LAD, left anterior
descending; LCx, left circumflex.
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Validation and calibration of the CaRi model 
Original Training Testing Optimism-corrected (95% CI)

Somer’s Dxy 0.667 0.685 0.636 0.617 (0.610-0.628)
0.146 0.164 0.130 0.112 (0.107-0.116)

Slope 1.000 1.000 0.873 0.873 (0.861-0.890)
Discrimination index D 0.126 0.142 0.112 0.095 (0.091-0.099)

Unreliability index U -0.003 -0.003 0.006 0.006 (0.004-0.006)
Overall quality index Q (D-U) 0.129 0.145 0.105 0.089 (0.086-0.095)

G-index 1.457 1.642 1.393 1.208 (1.203-1.264)
AUC 0.833 0.843 0.818 0.809 (0.805-0.814)

A

R2

Figure 3 Validation of the CaRi-HeartV
R

risk. (A) Internal validation metrics in the American cohort of the CaRi-HeartV
R

Risk describing the model’s discrim-
ination and calibration. (B) Calibration curve of the CaRi-HeartVR Risk reflecting the model-based estimated probability of cardiac mortality at 8 years vs. the
actual (observed) probability across different levels of risk in our population (n = 2040). AUC, area under the curve; 95% CI, 95% confidence interval.
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association between CCS and FAI-Score around any coronary artery
(Supplementary material online, Figure S1).

3.2 Evaluating the prognostic value of the
CaRi-Heart

VR

device
Although FAI-Score was developed as a standardized metric of coronary
inflammation in each coronary artery (allowing between-subject com-
parisons), its prognostic value should be evaluated in the context of addi-
tional traditional risk factors (i.e. hypertension, hypercholesterolaemia,
and diabetes mellitus smoking) and other CCTA features (i.e. presence

and extent of coronary atherosclerosis).18 To derive an integrated risk
score that encompasses all the above information for patients undergo-
ing CCTA, the CaRi-HeartVR Risk was developed to represent risk of the
individual for a fatal cardiac event (at 8 years, to mirror the length of
follow-up in the included cohorts). A model including all above variables
was fitted in the US cohort, where it was validated internally using boot-
strapping with n = 100 repetitions and found to have excellent discrimi-
nation [C-statistic 0.809 (95% CI 0.805–0.814)] (Figure 3A) for prediction
of cardiac mortality at 8 years. Subgroup analysis across different
race and ethnicity groups is provided in Supplementary material online,
Table S3. The negative predictive value of a CaRi-HeartVR Risk >10% for a
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Figure 4 Incremental discriminatory value of CaRi-HeartV
R

Risk above clinical risk predictors. Incremental discriminatory value of the CaRi-HeartV
R

Risk for
cardiac mortality (t = 8 years) above a clinical risk prediction model consisting of age, sex, hypertension, hypercholesterolaemia, diabetes mellitus, and smok-
ing in the USA (A, n = 2040 participants) and European cohorts (B, n = 1872 participants). The thick black line represents events, whereas the thin black line
represents non-events. The difference between the black dots represents the continuous NRI, the difference between the grey dots represents the median
improvement, whereas the shaded area reflects the IDI. (C) Reclassification table for discrete cardiac risk groups in the two study cohorts comparing CaRi-
based risk stratification against a baseline clinical risk prediction model.
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.fatal cardiac event at 8 years was 99.3%. The CaRi-HeartVR -derived risk
predictions moderately overestimated risk at higher levels of pre-
dicted risk in the model calibration data (Figure 3B). When compared
to a baseline risk model consisting of age, sex, hypertension, hypercho-
lesterolaemia, diabetes mellitus, and smoking, the CaRi-HeartVR Risk sig-
nificantly improved risk discrimination [D(C-statistic) of 0.085, P = 0.01
in the US Cohort and 0.149, P < 0.001 in the European cohort] and clas-
sification (as assessed by the continuous NRI, IDI, and median improve-
ment index, Figure 4) in both independent cohorts of the study.
Moreover, its incremental prognostic value for prediction of cardiac
mortality at 8 years persisted even after adding the modified Duke CAD
index in the baseline model (Supplementary material online, Figure S2).

Across the entire study population, 611 (15.6%) patients were reclas-
sified to a higher risk category and 662 (16.9%) were reclassified to a
lower risk category by using the CaRi-HeartVR Risk, compared to using a
clinical risk factor-based approach (Figure 4C). The incremental value of
CaRi-HeartVR Risk-based approach became evident in both cohorts within
3 years of follow-up after CCTA and persisted throughout the duration
of follow-up (at least until 8 years post-CCTA, Figure 5). In subgroup
analysis, the CaRi-HeartVR Risk retained its predictive value across all pop-
ulation subgroups (Figure 6). In a head-to-head comparison, CaRi-HeartVR

Risk significantly outperformed the predictive performance of CCS for
cardiac mortality among patients that underwent both non-contrast CT
and CCTA imaging (Supplementary material online, Figure S3).
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Figure 5 Incremental discriminatory value of the CaRi-HeartVR Risk across different follow-up intervals. In panel (A) the orange line reflects the calculated
‘Area under the Curve (AUC)’ (C-statistic) of a model consisting of baseline cardiovascular risk predictors (age, sex, hypertension, hypercholesterolaemia,
diabetes mellitus, and smoking) at 1-year intervals post-CCTA in the American cohort (n = 2040 participants). This is compared to the AUC for the inte-
grated CaRi-HeartVR Risk at the same follow-up times (blue line), with the difference of the AUC [D(AUC)] between the two models graphically presented in
panel (B). Panels (C) and (D) present the results of the same analyses in the European cohort (n = 1872 participants). CCTA, coronary computed tomogra-
phy angiography. Dashed lines denote 95% CI, whereas dotted lines denote confidence bands.
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3.3 Net clinical benefit of the CaRi-Heart
VR

risk
Given the limitation of traditional statistical metrics, such as calibration and
discrimination, in assessing clinical value and decision analytic approaches,
we performed a decision curve analysis of two alternative methods of risk
stratifying individuals at risk of CAD. The first approach relied on risk

stratification of the entire study population based on traditional risk factors
forming the core of most cardiovascular risk stratification tools, including
age, sex, hypertension, hypercholesterolaemia, diabetes mellitus, and
smoking. The second CCTA-based approach utilized CaRi-HeartVR device-
driven stratification. As shown in Figure 7, CaRi-HeartVR -based risk stratifi-
cation consistently exhibited a higher net clinical benefit across a range of
threshold probabilities, therefore maximizing the identification of true pos-
itives and negatives in our population to assist with improved targeting of
any preventive strategies that may be indicated.

4. Discussion

We validate the performance of a new medical device, CaRi-HeartVR , that
calculates a standardized metric of each coronary artery (FAI-Score, cor-
rected for technical and anatomical factors as well as age and gender)
and integrates these readings into a prognostic model for prediction of
future fatal cardiac events, considering a patient’s atherosclerotic plaque
burden and as well as clinical cardiovascular risk profile. FAI-Score for
each coronary artery has significant prognostic value for 8-year cardiac
mortality, providing a more standardized metric of coronary inflamma-
tion than FAI as previously described.2,20 The use of this metric of coro-
nary inflammation, in combination with a patient’s atherosclerotic plaque
burden and clinical cardiovascular risk profile may provide a superior
method to define a personalized risk for fatal cardiac events compared
to clinical risk factors-based models, contributing to improved patient
risk reclassification.

In the presence of arterial inflammation, cytokines and other mediators
produced in the vascular wall by infiltrating inflammatory and other residing
cells are released locally and block adipocyte differentiation in the adjacent
PVAT, while stimulating lipolysis and impairing adipogenesis. This results in a
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Figure 6 Subgroup analysis for population subgroups. Predictive value of the CaRi-HeartVR Risk model was retained across all population subgroups.
95% CI, 95% confidence interval; HR, hazard ratio.

Figure 7 Decision curve analysis of CaRi-HeartV
R

Risk compared to a
clinical prediction model. Use of the integrated CaRi-HeartV

R

Risk is
associated with consistently higher net benefit compared to a baseline
risk model consisting of traditional cardiovascular risk factors (age, sex,
hypertension, hypercholesterolaemia, diabetes mellitus, and smoking)
across a wide range (1–10%) of cardiac mortality risk probabilities (at
t = 8 years). Provided as a reference, the dotted line reflects the net
benefit of ‘treating’ all individuals, whereas the continuous black line
reflects the net benefit of treating no patients (equal to zero).
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Figure 9 Vision for incorporating FAI-Score into current clinical workflows. Among patients undergoing clinically indicated CCTA CaRi-HeartVR Risk
provides the individualized absolute risk for cardiac mortality based on the patient’s clinical profile (i.e. demographics and traditional risk factors), CCTA
plaque burden metrics and FAI-Score. The information on absolute risk for cardiac mortality can guide lifestyle and/or pharmacological changes as per clinical
guidelines. FAI-Score provides an additional piece of information which reflects the levels of vascular inflammation, which is considered a new cardiovascular
risk factor, accounting for the residual (inflammatory) cardiovascular risk. For instance, a young individual with no traditional risk factors may be at low abso-
lute risk for a fatal cardiac event; however, a high FAI-Score may indicate increased relative risk for cardiac events in the long-term as a result of subclinical
vascular inflammation. Hence, age- and sex-adjusted cut-offs in FAI-Score centiles may be used to guide interventions to lower vascular inflammation.
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Figure 8 The CaRi-HeartVR platform. CaRi-HeartVR is an automated cloud-based medical device that has been trained through deep learning to automate
the segmentation of heart structures, identify the PVAT, calculate the FAI and integrate its value with scan technical details and patient demographics to
provide metrics of atherosclerotic/inflammatory effects around each coronary vessel (FAI-Score), as well as an integrated cardiac risk stratification tool
(CaRi-HeartVR Risk).
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.
phenotypic shift in the adipose tissue composition, from a greater to a lesser
lipophilic content and therefore a higher aqueous/lipid ratio. On CT imag-
ing, this shift can be detected as spatial changes in PVAT attenuation from
lower (closer to -190 HU) to higher (closer to -30 HU) attenuation values.
Pericoronary FAI mapping applies this concept around standardized coro-
nary segments on CCTA, where it calculates weighted attenuation changes
linked to the inflammatory status of the adjacent vessel wall.2

Following its initial description, several clinical studies have explored
the diagnostic and prognostic implications of FAI mapping. The first and
largest of these studies (CRISP-CT study) showed that higher pericoro-
nary FAI values (reflective of a higher inflammatory/atherosclerotic bur-
den) were associated with a higher incidence of cardiac-specific adverse
outcomes as well as all-cause mortality among patients undergoing
CCTA in two large centres in Europe and the USA.9 Statistical analyses
revealed that the residual risk detected through FAI mapping was not ad-
equately explained by age, sex, traditional risk factors, coronary calcium,
high-risk plaque features, or the extent of coronary atherosclerosis on
CCTA. This highlighted how FAI provided an effective way to extract
meaningful prognostic information from a common non-invasive imaging
modality already performed as part of routine clinical care, at no in-
creased cost or radiation exposure. Subsequent studies have shown that
pericoronary fat attenuation is closely linked to coronary inflammation
and microcalcification as measured by 18F-NaF uptake on PET-CT,10

predicts the progression of coronary atherosclerosis,21 can track the
presence of culprit lesions among patients presenting with acute
myocardial infarction,22,23 stratifies the cardiac risk associated with a
high-risk plaque phenotype,24 and is modifiable through targeted
anti-inflammatory treatments.25,26

As the use and application of pericoronary fat mapping continues to
expand, there is an urgent need to standardize its reporting, while ac-
knowledging potentially important confounders. While the process of
perivascular fat attenuation analysis can be easily done by different oper-
ators and platforms (with consistent prognostic value across different
age, sex, and race groups)9,27,28 the interpretation of a given PVAT at-
tenuation value ultimately relies on the patient’s age, sex, cardiometa-
bolic status, and technical variables related with the actual scan
aquisition.1,29 While the CRISP-CT study proposed a cut-off of -70.1
HU as a critical threshold to identify high-risk individuals,9 generalization
of this cut-off may be limited by the fact that this has not been adjusted
for the above-mentioned factors in other independent studies.

A new medical device, CaRi-HeartVR , now calculates the adjusted
FAI-Score for each coronary artery, projected in nomograms according to
age. Indeed, the percentile curves provided in this study may be used in in-
dependent studies to harmonize the reporting of pericoronary FAI map-
ping across different patient and investigator groups. We now validate FAI-
Score, and we demonstrate a strong prognostic value for cardiac mortality.
Unlike FAI (which was previously shown to lose its prognostic value when
measured around the LCX),9 FAI-Score around each one of the major
coronary arteries is consistently associated with future cardiac mortality
risk. However, clinical interpretation of FAI-Score can only be undertaken
in a standardized way, and we now provide nomograms to allow interpre-
tation of the results across patients of different ages.

Furthermore, integrating the above information into a prognostic
model that also accounts for a patient’s demographics, risk factors, and
atherosclerotic plaque burden, would provide a meaningful clinical tool
to guide deployment of primary or secondary prevention treatments.
CaRi-HeartVR provides the CaRi-HeartVR Risk, which is the patient’s
8-years individualized risk for a fatal cardiac event. The algorithm was
originally trained in the American cohort and then validated in the

European cohort. Indeed, CaRi-HeartVR Risk reclassifies�16% of the sub-
jects undergoing CCTA to a higher risk category, and �17% to lower
risk category compared to a clinical risk factor-based model, when ap-
plied in the European cohort i.e. nearly a third of the total population.
Our analysis also shows that, for both low and high-risk individuals, CaRi-
Heart-guided risk stratification consistently provides a higher level of net
clinical benefit (compared to standard clinical risk models) across a range
of thresholds probabilities for clinical decision making (Figure 8).

Further to the calculation of the individualized absolute risk for cardiac
mortality as a means to guide deployment of appropriate cardiovascular
risk reduction strategies, FAI-Score provides a standalone, standardized
metric of coronary inflammation. This information may be particularly
useful in select patient groups, such as young individuals with evidence of
inflammation but no other traditional risk factors, who despite being at
low absolute risk are nonetheless at high relative risk compared to indi-
viduals of similar age and sex. In such patients, the decision to initiate
therapy may be driven by the presence of a strong biological risk factor,
such as elevated LDL cholesterol levels in young patients with familial
hypercholesterolaemia, independent of the absolute risk score calculated
through standard tools (Figure 9). Newer prospectively designed cohorts
within the ORFAN study are also underway to further examine the value
of CaRi-HeartVR in more ethnically diverse cohorts and when added to
quantitative circulating biomarkers.

5. Conclusion

CaRi-HeartVR , a novel CCTA-based risk stratification medical device, inte-
grates the recently described FAI mapping with traditional cardiovascular
risk factors and multi-dimensional, comprehensive CCTA coronary pla-
que analysis. The prognostic output produced by CaRi-HeartVR demon-
strates significant net clinical benefit in two large and independent CCTA
populations over and above traditional cardiovascular risk factors.
Integration of CaRi-HeartVR analyses into current clinical pathways has
the potential to advance the prognostic utility of CCTA analysis in the in-
vestigation and management of CAD risk.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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