Ceramide-based risk score CERT-1 improves risk prediction for overall mortality and adverse cardiovascular outcomes in patients with and without cardiovascular disease: A prospective cohort study 
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ABSTRACT
Aims: Whether the plasma-based ceramide-based risk score CERT1 improves risk prediction for cardiovascular disease (CVD) is uncertain.
Materials and Methods: Baseline and follow-up data were combined from two cohorts, 334 patients with established/suspected CVD and 196 patients with type 2 diabetes followed for a median of 74 months (interquartile range 54-79 months). For the calculation of CERT1 risk score, we measured three specific plasma ceramides [Cer(d18:1/16:0), Cer(d18:1/18:0) and Cer(d18:1/24:1)] and their ratios to Cer(d18:1/24:0). Based on the CERT1 score, patients were split into four risk categories (low, moderate, increased, or high risk). The primary outcome was a composite of overall mortality and incident nonfatal CVD outcomes (including myocardial infarction, ischemic stroke, or permanent atrial fibrillation). 
Results: 139 patients developed the primary composite outcome (72 nonfatal CVD outcomes and 67 total deaths) during follow-up. Baseline CERT1 risk categories were significantly associated with risk of developing the primary composite outcome (adjusted HR for high vs. low-risk category: 2.43, 95%CI 1.39-4.22, p=0.002 and adjusted HR for increased vs. low-risk category: 2.16, 95%CI 1.28-3.63, p=0.004). Receiver operator characteristic curve analysis showed that adding CERT1 risk score to traditional CVD risk factors and CVD, improved the discriminatory capability of the regression model for predicting the primary composite outcome (AUROC 0.691 [95% CI 0.674-0.769] vs. 0.722 [95% CI 0.642-0.742], p=0.0275). 
Conclusions: The ceramide-based risk score CERT1 risk score improves risk prediction for long-term risk of overall mortality and adverse cardiovascular outcomes in patients with and without CVD.
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INTRODUCTION 
Substantial evidence indicates that sphingolipids, such as ceramides, account for much of the tissue damage in cardiovascular disease (CVD) because these lipid species may promote atherosclerotic plaque formation, apoptosis, low-grade chronic inflammation, increased oxidative stress and altered mitochondrial bioenergetics (1,2). In recent years, observational studies (3–7) and a meta-analysis (8) have reported that higher levels of distinct plasma ceramides are associated with an increased risk of overall mortality and adverse CVD events in patients with and without coronary artery disease (CAD). 

Recently, Laaksonen et al. have developed and validated a plasma ceramide-based risk score, namely the ceramide test-1 (CERT1), to improve CVD risk prediction beyond traditional risk factors in patients with stable CAD and acute coronary syndrome (9). However, the CERT1 risk score, which includes four specific plasma ceramides, has been validated in cohorts of high-risk patients from Northern Europe and the United States (10). This makes the applicability of the CERT1 risk score not easily generalizable to patient populations from other countries (such as Southern Europe) with low or intermediate risk of CVD. Indeed, it is important to remember that circulating ceramide levels are influenced by genetics, lifestyle habits, environmental factors, and medication use, especially lipid-lowering medication use (1,10). 

Therefore, in this prospective cohort study, we aimed to examine whether the ceramide-based risk score CERT1 was associated with an increased long-term risk of overall mortality and adverse CVD outcomes in Italian patients derived from two distinct cohorts of patients with and without CVD. 


MATERIALS AND METHODS
Participants
For this study, we combined baseline and follow-up data from two of our cohorts. The first cohort included 334 Italian patients with established or suspected CAD attending the Cardiology Service of IRCCS Sacro Cuore Hospital of Negrar (Verona) over a period of 9 months in 2017 and who underwent either stress myocardial perfusion scintigraphy (n=167) (these patients have been included in another published study (11)), or coronary angiography (n=167) for clinical indications (e.g., chest pain, dyspnea, suspected ischemic electrocardiographic alterations, or echocardiographic abnormalities). The second cohort included 196 Italian patients with established type 2 diabetes mellitus (T2DM) attending the Diabetes Outpatient Service at the University Hospital of Verona over a period of 9 months in 2017. Patients with a documented prior history of cirrhosis of any etiology, active cancer, end-stage renal disease (estimated glomerular filtration rate <15 ml/min/1.73 m2 or chronic dialysis), heart failure, alcohol abuse, acute inflammatory conditions or patients with no available data about plasma ceramide concentrations or patients lost to follow-up were excluded from the study (Supplementary Figure 1). 

The local ethics committee approved the study protocol. All participants gave their written informed consent for participation in this research.


Clinical and laboratory data
At baseline, body mass index (BMI) was measured as kilograms divided by the square of height in meters. Obesity was defined as BMI ≥30 kg/m2. Patients were considered to have hypertension if their blood pressure was ≥140/90 mmHg or if they were taking any anti-hypertensive agents. Data on the smoking status, alcohol consumption and use of medications were obtained during medical examinations.

Venous blood samples were collected in the morning after an overnight fast. Serum lipids, glucose, creatinine (measured using a Jaffe rate blanked and compensated assay), and other biochemical parameters were measured by standard laboratory procedures using the relative reference techniques on Roche Cobas® 8000 (Roche Diagnostics, Basel, Switzerland). Low-density lipoprotein (LDL)-cholesterol was calculated using the Friedewald’s equation. Hemoglobin A1c (HbA1c) was measured using the high-performance liquid chromatography analyzer Tosoh-G7 (Tosoh Bioscience Inc., Tokyo, Japan) only in people with established T2DM (n=271). Glomerular filtration rate (eGFR) was estimated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation (12). 

Chronic kidney disease (CKD) was defined as eGFR <60 ml/min/1.73 m2. T2DM was defined as self-reported physician diagnosis of diabetes, use of anti-hyperglycemic medications, or fasting glucose concentrations ≥7.0 mmol/l. The presence of CAD was defined as a documented history of acute myocardial infarction, angina pectoris or coronary revascularization procedures. The diagnosis of permanent atrial fibrillation and ischemic stroke at baseline was based on medical history (reviewing hospital and physician charts).

Plasma ceramide measurement and CERT1 risk score calculation 
The laboratory procedures used to measure plasma ceramide concentrations have been described in detail elsewhere (13,14). More details have been also reported in the online-only Supplementary Material. 

We calculated the CERT1 risk score at baseline using four distinct plasma ceramides. In accordance with the CERT1 risk score proposed by Laaksonen et al. (9), for each individual, we compared each concentration of the three plasma Cer(d18:1/16:0), Cer(d18:1/18:0) and Cer(d18:1/24:1) and their specific ratios to Cer(d18:1/24:0) with the whole study population (9). If the variable belonged to the 3rd quartile, the individual received +1 point; if it belonged to the 4th quartile, the individual received +2 points (9). Thus, the CERT1 risk score ranges from zero to 12, and based on the score, the subject can be split into four risk categories: 0–2 corresponding to a low risk category, 3–6 corresponding to a moderate risk category, 7–9 corresponding to an increased risk category, and 10–12 corresponding to a high risk category (Supplementary Table 1) (9). 

Primary composite outcome 
The primary composite outcome of the study was defined as the occurrence of overall mortality or incident nonfatal CVD events, i.e., acute myocardial infarction, ischemic stroke or permanent atrial fibrillation during a median follow-up of 74 months (interquartile range: 54-79 months). For all participants, the primary outcome was ascertained by medical record reviews and phone questionnaires between December 2023 and April 2024. We have also included permanent atrial fibrillation in the primary composite outcome because this arrhythmia is associated with adverse cardiovascular outcomes (15), and distinct plasma ceramides have been associated with a higher risk of new-onset atrial fibrillation (16). 

Statistical analysis
For this study, the sample size was calculated using the following parameters: alpha=0.05, power= 0.80, distribution of subjects across the four CERT1 risk categories= 0.25, clinically significant hazard ratio (HR)= 2.0, 10% lost to follow-up, and adjustment factor= (k−1)/k, with k=4 (corresponding to four CERT1 risk categories).

Continuous variables were expressed as means ± SD or medians (IQR), and categorical variables as percentages. Differences in the baseline clinical and biochemical characteristics of patients stratified by the primary composite outcome status at follow-up (i.e., those who developed the primary composite outcome at follow-up and those who did not) were tested by the chi-squared test for categorical variables, the unpaired Student’s t-test for normally distributed continuous variables, and the Mann-Whitney test for non-normally distributed variables. Missing data were handled using predictive imputation (by the python package called scikit-learns), except for plasma ceramide concentrations (see Supplementary Figure 1). 

The Kaplan–Meier survival curves were used to evaluate the risk of developing the primary composite outcome over the follow-up amongst participants stratified by four CERT1 risk categories (low [i.e., the reference category] vs. moderate vs. increased vs. high risk). The Cox proportional-hazards models were also used to assess the independent association between the CERT1 risk categories and the risk of developing the primary composite outcome over the follow-up. Specifically, we performed Cox regression models. The first regression model was unadjusted. The second regression model was adjusted for age and sex. The third regression model was additionally adjusted for smoking, hypertension, obesity, T2DM, CKD, prior history of CVD (i.e., defined as previous CAD, ischemic stroke or permanent atrial fibrillation), and use of statins or anti-platelet medications. The fourth and fifth regression models were adjusted for the same covariates included in the 3rd model plus either plasma LDL cholesterol or non-HDL cholesterol levels. These baseline covariates were chosen as potential confounding variables based on their significant associations with the primary composite outcome in univariable analyses. In addition, the risk of developing the primary composite outcome over the follow-up amongst patients stratified by baseline CERT1 risk categories was also examined in specific patient groups, performing subgroup analyses stratified by sex, age, T2DM status, use of statins or presence of previous CVD. 

A receiver operating characteristic (ROC) curve analysis was performed to assess the ability of two predictive regression models to discriminate between those who developed the primary composite outcome and those did not. The first model included traditional CVD risk factors, such as age, sex, smoking, hypertension, T2DM, prior history of CVD, and use of antiplatelet or statin medications, whereas the second model added CERT1 risk score to these CVD risk factors. Differences between the areas under the two ROC curves were calculated by the DeLong test or the Harrell’s C-index. In addition, we calculated the Net Reclassification Index (NRI) to quantify how well the second regression model reclassified subjects based on their risk. 

A p-value <0.05 was considered statistically significant. Statistical analyses were performed using R software, version 4.4.1 (2024-06-14), and Python software, version 3.12.7, and the following packages: pandas (version 2.2.3), numpy (version 1.24), matplotlib (version 3.9), statsmodels (version 0.15), scipy (version 1.14.1), scikit-learns (version 1.5.2), scikit-survival (version 0.23.1) and lifelines (version 0.29). 




RESULTS
Of the 530 middle-aged and older Italian patients with and without known CVD included in this study, 139 (26.2%) patients developed the primary composite outcome over a median follow-up of 74 months (interquartile range: 54-79 months). Of these 139 events occurred over the follow-up, 67 were total deaths, and 72 were nonfatal CVD events, i.e., 35 incident cases of acute myocardial infarction, 10 incident cases of ischemic stroke and 27 incident cases of permanent atrial fibrillation. Stratifying all patients by the CERT1 risk categories at baseline, 191 patients belonged to the low-risk category, 199 to the moderate-risk category, 78 to the increased-risk category, and 62 to the high-risk category, respectively. 

The baseline clinical and biochemical characteristics of participants stratified by the primary composite outcome status at follow-up are reported in Table 1. At baseline, patients who developed the composite outcome at follow-up were older and had higher fasting glucose, creatinine and HbA1c (available only for patients with T2DM) and lower eGFR levels than those who did not. The former also had a significantly higher prevalence of CKD, hypertension, ischemic heart disease, and atrial fibrillation and were more frequently treated with antiplatelet drugs, anticoagulants, and angiotensin-converting-enzyme inhibitors (ACE-i)/angiotensin II receptor blockers (ARBs). Conversely, sex, smoking, blood pressure, plasma lipids, percentage of obesity and T2DM, as well as the use of statins or antihypertensive agents (except for ACE-i/ARBs) did not significantly differ between the two patient groups. Regarding participants with T2DM, those who developed the composite outcome at follow-up took more frequently insulin, whereas the use of metformin, sulphonylureas, pioglitazone, GLP-1 receptor agonists or SGLT-2 inhibitors did not significantly differ between the two patient groups. 

Supplementary Table 2 shows the baseline levels of plasma Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:0), Cer(d18:1/24:1) and their ratios to Cer(d18:1/24:0) in patients stratified by the primary composite outcome status at follow-up. Compared to those who did not experience the primary composite outcome at follow-up, patients who developed the composite outcome at follow-up had higher plasma levels of Cer(d18:1/18:0) and Cer(d18:1/24:1), as well as lower plasma levels of Cer(d18:1/24:0). In addition, the ratios of all measured plasma ceramides to Cer(d18:1/24:0) were higher in those who developed the primary composite outcome at follow-up compared to those who did not. Furthermore, the percentages of CERT1 risk categories (increased risk and high risk) were greater in patients who developed the composite outcome at follow-up than those who did not. Similar results were observed when we analyzed the two cohorts of participants separately (data not shown).

Supplementary Table 3 summarizes the baseline clinical and biochemical characteristics of participants stratified by baseline CERT1 risk categories. Compared to those in the low-risk category, participants in the high-risk CERT1 category were older, had higher levels of non-HDL cholesterol and lower eGFR levels. In addition, participants in the high-risk CERT1 category also had a higher prevalence of hypertension and T2DM and were more frequently treated with anticoagulants, diuretics or statins. Conversely, sex, obesity, smoking history, blood pressure, fasting glucose, HbA1c, standard lipid profile, prevalence of CKD, ischemic heart disease, atrial fibrillation, ischemic stroke, as well as the use of anti-platelets, beta-blockers, ACE-i/ARB drugs, or glucose-lowering medications were not significantly different among the patient groups. 

Supplementary Table 4 summarizes the baseline clinical and biochemical characteristics of participants stratified by the two study centers. Patients with T2DM attending the diabetes outpatient service were more likely to be overweight/obese, had higher levels of glucose, HDL-cholesterol, eGFR, as well as higher use of calcium-channel blockers and statins compared with patients attending the Cardiology service. Conversely, the former also had lower levels of total cholesterol and non-HDL cholesterol, reduced prevalence of ischemic heart disease and permanent atrial fibrillation, as well as a lower use of beta-blockers and anti-platelet/anticoagulant agents. Furthermore, they also had higher plasma Cer(d18:1/24:0) and lower plasma Cer(d18:1/24:1), Cer(d18:1/16:0)/Cer(d18:1/24:0), Cer(d18:1/18:0)/Cer(d18:1/24:0) and Cer(d18:1/24:1)/Cer(d18:1/24:0) levels than those attending the Cardiology service. 


Figure 1 shows the cumulative incidence rates of participants who developed the primary composite outcome at follow-up stratified by the four CERT1 risk categories at baseline. Compared to those in the low-risk category, patients in the increased-risk and high-risk CERT1 categories had a substantially higher risk of developing the primary composite outcome (p=0.0003 by the log-rank test). The incidence rates of the primary composite outcome were 30.9 per 1,000 person-years for participants in the CERT1 low-risk category, 47.4 per 1,000 person-years for those in the moderate-risk category, 74.5 per 1,000 person-years for those in the increased-risk category and 82.0 per 1,000 person-years for those in the high-risk category.

Table 2 shows the associations between CERT1 risk categories and the risk of developing the primary composite outcome at follow-up, as assessed by the Cox proportional-hazards models. Compared to those in the low-risk category, patients in the high-risk category had a ~2.6-fold increased risk of developing the primary composite outcome (unadjusted hazard ratio [HR] 2.63, 95% CI 1.57-4.43, p<0.0005). Similarly, patients in the CERT1 increased-risk category also had a ~2.4-fold increased risk of developing the primary composite outcome compared to those in the low-risk category (unadjusted HR 2.42, 95%CI 1.47-3.96, p<0.0005). Both associations remained significant after adjustment for age and sex (model 1) and even after further adjustment for smoking, hypertension, obesity, T2DM, CKD, prior history of CVD (i.e., prior history of CAD, ischemic stroke or atrial fibrillation), and use of medications, such as anti-platelet agents or statins (model 2). Other variables that were independently associated with a higher risk of developing the primary composite outcome were older age (adjusted HR 1.03, 95% CI 1.01-1.05), pre-existing T2DM (adjusted HR 1.56, 95%CI 1.06-2.27), and prior history of CVD (adjusted HR 1.99, 95% CI 1.35-2.94). This association remained significant even after further adjustment for plasma LDL cholesterol (model 3) or non-HDL cholesterol (model 4). In these two regression models, neither plasma LDL-cholesterol (adjusted HR 0.93, 95% CI 0.71-1.14) nor plasma non-HDL cholesterol (adjusted HR 0.81, 95% CI 0.64-1.10) were independently associated with the primary composite outcome.

Figure 2 shows the univariable associations (assessed by Cox proportional-hazards models) between CERT1 risk categories and the risk of developing the primary composite outcome in specific patient subgroups. Notably, compared to those in the low-risk category, patients in the CERT1 increased-risk or high-risk categories had a higher risk of developing the primary composite outcome, regardless of sex, age, T2DM status, prior history of CVD, and statin use. 

Figure 3 shows the ROC curves used to estimate the ability of two predictive models to discriminate between those who developed the primary composite outcome and those did not. Addition of CERT1 risk score to traditional CVD risk factors (i.e., age, sex, smoking, hypertension, T2DM, dyslipidemia and prior history of CVD) significantly improved the discriminatory capability of the regression model for predicting the primary composite outcome (AUROC of model 1 vs. model 2: 0.691 [95% CI 0.674-0.769] vs. 0.722 [95% CI 0.642-0.742], p=0.0275 for comparison by the DeLong test). The Harrell’s C-index gave almost similar results.

As reported in Supplementary Table 5 and Supplementary Figure 2, the NRI showed that the adjusted model 2 was 14.7% better at classifying individuals into the correct risk category as compared with the adjusted model 1.



DISCUSSION 
The main and novel findings of our cohort study are as follows: (a) compared to those in the CERT1 low-risk category, patients in the CERT1 increased-risk or high-risk categories at baseline had a ~2.5-fold increased risk of dying or developing incident nonfatal CVD outcomes over a median follow-up of 74 months (interquartile range: 54-79 months); (b) this risk remained significant after adjusting for age, sex, smoking, obesity, hypertension, T2DM, CKD, prior history of CVD, standard plasma lipids (such as LDL cholesterol and non-HDL cholesterol), and use of anti-platelet or statin medications; (c) subgroup analyses showed that CERT1 risk score predicted the primary composite outcome in both men and women, in patients with and without pre-existing T2DM, in those in primary or secondary CVD prevention, and in those taking, or not taking statins; (d) ROC analysis showed that addition of CERT1 risk score to traditional CVD risk factors significantly improved the risk prediction of the primary composite outcome; and (e) the NRI showed that addition of CERT1 risk score to traditional risk factors improved the classification of individuals into the correct risk category by ~15%.

In humans, plasma ceramide concentrations are proving to be reliable biomarkers of adverse CVD outcomes (3–5,7,8,17). Substantial experimental evidence also indicates that ceramides play an important role in the pathophysiology of CVD (1,18). Plasma ceramide-based risk scores, including the CERT1 risk score, have been recently developed to use the ceramide data more efficiently in clinical practice for predicting the residual CVD risk among patients with CAD and acute coronary syndrome (9,10). Recently, our group also showed that basal and post-stress CERT1 risk score was strongly associated with a higher long-term risk of overall mortality and nonfatal myocardial infarction in a cohort of 167 patients with suspected or established CAD who underwent stress myocardial perfusion scintigraphy (11). In another large cohort study, Laaksonen et al. reported that CERT1 risk score was a significant predictor of CVD mortality in patients with stable CAD and acute coronary syndrome, over and above currently used lipid biomarkers (9). Other prospective studies conducted in cohorts of high-risk patients from Northern Europe or the United States yielded similar results (4,19–21). However, the results of these latter studies might not be generalizable to other patient populations from countries with moderate CVD risk (such as Italy and other Southern European countries) (22).

Collectively, the results of our prospective study extend the findings of the aforementioned cohort studies. We showed that the ceramide-based risk score CERT1 is not only an independent predictor, but also improves the risk prediction of long-term overall mortality and adverse CVD outcomes, when added to a regression model that also includes the presence of traditional CVD risk factors in a cohort of Italian outpatients with and without known CVD. Furthermore, the NRI showed that the predictive model including CERT1 risk scores improved the classification of individuals into the correct risk category by ~15%. Compared to our previously published study that included 167 ambulatory patients undergoing stress myocardial perfusion scintigraphy (11), we have tripled the number of subjects included (merging these patients with other two patient groups), we have performed ROC and NRI analyses, and we have performed subgroup analyses to better evaluate the robustness of the observed associations. In particular, we found that the CERT1 risk score was significantly associated with an increased risk of overall mortality and adverse CVD outcomes, irrespective of sex, age, T2DM status, statin use, and in patients in both primary and secondary CVD prevention. Notably, as discussed above, given that most cohort studies assessing the role of CERT1 risk score in predicting CVD mortality or morbidity have been conducted in cohorts of patients from Northern Europe and the USA, the findings of our study strongly support the assertion that the CERT1 risk score may also be a helpful tool for predicting the risk of all-cause mortality and adverse CVD outcomes in people from Southern Europe (i.e., Italy is considered a country at moderate CVD risk (22)). In addition, in our study, plasma LDL-cholesterol or non-HDL cholesterol concentrations were not able to fully capture the risk of developing the primary composite outcome, unlike the CERT1 risk score.  

To date, it is clinically important to detect “high-risk” lipids beyond plasma LDL cholesterol and non-HDL concentrations or other standard plasma lipids and to validate new scores, including non-standard lipids, to better determine the (residual) CVD risk (4,10,11). The clinical use of the CERT1 risk score seems attractive, because it includes neither standard plasma lipids nor age (10). In this regard, standard plasma lipids, including LDL-cholesterol and non-HDL concentrations, may be limited in accurately predicting CVD morbidity and mortality in specific populations, such as elderly patients (11,23–25). Thus, also in accord to the results of our ROC and NRI analyses, showing that addition of CERT1 risk score to traditional CVD risk factors improved the risk prediction of the primary composite outcome, the CERT1 risk score could be used in clinical practice to better identify the residual CVD risk in patients with established CAD and may also be used in those taking statin therapy and those in primary CVD prevention to more accurately identify individuals at high/increased risk of dying or developing adverse CVD outcomes, who may benefit from early prevention and more intensive intervention strategies (10). These strategies should be primarily based on regular physical activity, a Mediterranean-style diet, body weight control and non-smoking (26). Moreover, clinicians should work with patients to assess their readiness for lifestyle improvements, identifying hypothetical barriers, and encouraging them to achieve individual goals and medication adherence (especially statin use) (26). However, some caveats still remain regarding the use of plasma ceramides in clinical practice because CERT1 risk score requires the measurement of four distinct plasma ceramides and the laboratory methods for  plasma ceramide assessment are relatively expensive and not routinely available. 

The contribution of ceramides in promoting CVD mortality and events is complex and poorly understood. It is beyond the scope of this article to explain in depth how ceramides can promote atherosclerosis and CVD. However, multiple experimental studies have documented that ceramides may promote lipoprotein overproduction and have a crucial role in atherosclerotic plaque formation (1,2). In addition, ceramides promote low-grade inflammation and induce increased production of reactive oxygen species by disrupting the mitochondrial electron transport chain and apoptosis by altering the permeability of the mitochondrial outer membrane (1,2). All these mechanisms may contribute to the development of adverse cardiovascular outcomes, including also atrial fibrillation. In mice and rats, pharmacological inhibition or depletion of enzymes driving de novo ceramide synthesis may also prevent the development of T2DM and hypertension and reduce atherosclerotic plaque formation (1,2,27). 

Our study has some important limitations that should be mentioned. First, the observational design of our cohort study does not allow for drawing a definitive causal relationship. Second, we did not have detailed information about the specific causes of mortality in these participants. However, we believe that most deaths in our study could be attributable to CVD-related causes. Third, we did not include a control group of people without CVD and T2DM. Furthermore, the two patient cohorts differed in terms of plasma ceramides, possibly due to differences in cardiovascular risk profile at baseline, and lipid-lowering medication use (28,29). Fourth, the results of subgroup analyses should be interpreted with caution due to the relatively small size of some subgroups. Finally, we cannot exclude the possibility that other unmeasured confounding factors (e.g., serum troponin concentrations or albuminuria that were available only in a subset of our patients) might partly explain the observed associations. 

Notwithstanding these limitations, our cohort study has important strengths, including the relatively large sample size, the relatively long follow-up duration (a median of 74 months), and the exclusion of patients with a documented history of cirrhosis, advanced CKD, heart failure or active cancer. We think including patients with these comorbid conditions (that may influence the production or metabolic clearance of plasma ceramides) might have confounded the interpretation of data.

In conclusion, the results of our cohort study of Italian patients with and without pre-existing CVD showed that compared to those in the low-risk category at baseline, patients in the CERT1 increased-risk or high-risk categories had a ~2.5-fold increased risk of dying or developing adverse CVD outcomes over a median of 74 months. This risk remained significant even after adjusting for age, sex, smoking, obesity, hypertension, CKD, T2DM, previous history of CVD, and use of anti-platelet or statin medications. Furthermore, addition of CERT1 risk score to traditional CVD risk factors improved the risk prediction of dying or developing adverse CVD outcomes. These findings suggest that the CERT1 risk score is a significant predictor of overall mortality and adverse CVD outcomes in patients with and without known CVD, thus improving the identification of high-risk patients in need of more aggressive therapeutic interventions.
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Table 1. Baseline clinical and biochemical characteristics of participants, stratified by primary composite outcome status at follow-up. 
	
	Without primary composite outcome (n=391)
	With primary composite outcome (n=139)
	P-value

	Age (years)
	6810
	739
	<0.001

	Female sex (%)
	36.3
	29.5
	0.146

	BMI (kg/m2)
	27.64.5
	27.64.3
	0.877

	Current smokers (%)
	13.0
	8.6
	0.168

	Obesity (%)
	26.1
	28.8
	0.539

	Systolic blood pressure (mmHg)
	13719
	13921
	0.877

	Diastolic blood pressure (mmHg)
	7610
	7410
	0.673

	Glucose (mmol/l)
	6.61.6
	7.12.7
	0.036

	HbA1c (mmol/molHb) (n=271)*
	5011
	538
	0.009

	Total cholesterol (mmol/l)
	4.31.0
	4.01.1
	0.106

	HDL cholesterol (mmol/l)
	1.30.3
	1.30.4
	0.588

	Non-HDL cholesterol (mmol/l)
	2.91.0
	2.81.0
	0.123

	Triglycerides (mmol/l)
	1.2 (0.9-1.7)
	1.3 (0.9-1.7)
	0.495

	Creatinine (umol/l)
	78.121.7
	92.347.7
	<0.001

	eGFRCKD-EPI (ml/min/1.73 m2)
	7018
	6019
	<0.001

	CKD (%)
	28.4
	42.5
	0.002

	Hypertension (%)
	77.5
	85.6
	0.041

	Type 2 diabetes (%)
	51.2
	51.1
	0.988

	Ischemic heart disease (%)
	27.6
	49.6
	<0.001

	Permanent atrial fibrillation (%)
	5.6
	12.2
	0.010

	Ischemic stroke (%)
	2.8
	5.0
	0.214

	Anti-platelet drug users (%)
	52.2
	61.9
	0.049

	Anticoagulant drug users (%)
	7.9
	18.0
	<0.001

	Beta-blocker drug users (%)
	40.2
	45.3
	0.288

	ACE-i/ARB drug users (%)
	58.8
	69.1
	0.033

	Calcium antagonist drug users (%)
	18.2
	16.6
	0.669

	Diuretic drug users (%)
	30.7
	35.2
	0.322

	Statin drug users (%)
	61.9
	63.3
	0.767

	Insulin therapy (%) (n=271)*
	1.5
	15.5
	<0.001

	Metformin (%) (n=271)*
	83.8
	77.8
	0.393

	Sulphonylureas (%) (n=271)*
	30.0
	25.0
	0.551

	Pioglitazone (%) (n=271)*
	11.3
	2.3
	0.122

	GLP-1 receptor agonists (%) (n=271)*
	20.6
	11.1
	0.187

	SGLT-2 inhibitors (%) (n=271)*
	10.0
	8.3
	0.769


Sample size, n=530. Data are expressed as means ± SD, medians, and interquartile ranges (IQRs) or percentages. Differences between the two patient groups were tested by the Chi-squared test for categorical variables, the Student’s t test for normally distributed continuous variables, and the Mann-Whitney U test for non-normally distributed variables. *Data available only for patients with known T2DM. 

Obesity was defined as BMI≥ 30 Kg/m2. CKD was defined as eGFRCKD-EPI <60 mL/min/1.73 m2. 

Abbreviations: ACE, angiotensin-converting-enzyme inhibitor; ARB, angiotensin II receptor blocker; BMI, body mass index; CKD, chronic kidney disease; eGFRCKD-EPI, estimated glomerular filtration rate calculated by the CKD-Epidemiology Collaboration study equation; GLP-1, glucagon-like peptide-1; SGLT2, sodium-glucose cotransporter-2. 



Table 2.  Cox proportional hazards models – Associations between baseline CERT1 risk categories and the risk of developing the primary composite outcome. 

	
	Event rate
(per 1000 person-years)
	Hazard Ratio
	95% Confidence Intervals
	P-value

	Unadjusted model
	
	
	
	

	CERT1 risk categories 
	
	
	
	

	Low risk (n=191)
	30.9
	Ref. 
	Ref. 
	· 

	Moderate risk (n=199)
	47.4
	1.54
	0.99 – 2.39
	0.052

	Increased risk (n=78)
	74.5
	2.42
	1.47 – 3.96
	<0.0005

	High risk (n=62)
	82.0
	2.63
	1.57 – 4.43
	<0.0005

	Adjusted model 1
	
	
	
	

	CERT1 risk categories
	
	
	
	

	Low risk (n=191)
	-
	Ref. 
	Ref. 
	· 

	Moderate risk (n=199)
	-
	1.36
	0.88 – 2.12
	0.171

	Increased risk (n=78)
	-
	1.92
	1.16 – 3.19
	0.011

	High risk (n=62)
	-
	2.13
	1.25 – 3.63
	<0.0005

	Adjusted model 2
	
	
	
	

	CERT1 risk categories
	
	
	
	

	Low risk (n=191)
	-
	Ref. 
	Ref. 
	· 

	Moderate risk (n=199)
	-
	1.40
	0.89 – 2.19
	0.139

	Increased risk (n=78)
	-
	2.16
	1.28 – 3.63
	0.004

	High risk (n=62)
	-
	2.43
	1.39 – 4.22
	0.002

	Adjusted model 3
	
	
	
	

	CERT1 risk categories
	
	
	
	

	Low risk (n=191)
	-
	Ref. 
	Ref. 
	

	Moderate risk (n=199)
	-
	1.46
	0.92 – 2.29
	0.100

	Increased risk (n=78)
	-
	2.21
	1.31 – 3.72
	0.003

	High risk (n=62)
	-
	2.60
	1.48 – 4.54
	0.001

	Adjusted model 4
	
	
	
	

	CERT1 risk categories
	
	
	
	

	Low risk (n=191)
	-
	Ref. 
	Ref. 
	

	Moderate risk (n=199)
	-
	1.46
	0.93 – 2.30
	0.097

	Increased risk (n=78)
	-
	2.18
	1.29 – 3.67
	0.003

	High risk (n=62)
	-
	2.58
	1.48 – 4.50
	0.001



Sample size, n=530. Data are expressed as hazard ratio(s) and 95% confidence intervals assessed by Cox proportional hazards models. The dependent variable of these Cox regression models was the primary composite outcome. Model 1: adjusted for age and sex. Model 2: adjusted for age, sex, smoking, obesity, hypertension, CKD, T2DM, prior history of CVD (i.e., defined as pre-existing CAD, ischemic stroke or permanent atrial fibrillation), and use of anti-platelet and statin medications. Model 3: adjusted for same covariates included in model 2 plus plasma LDL-cholesterol levels. Model 4: adjusted for same covariates included in model 2 plus plasma non-HDL cholesterol levels. Ref., reference category.



FIGURE LEGENDS

Figure 1. Cumulative incidence rates of participants who developed the primary composite outcome at follow-up stratified by the CERT1 risk categories at baseline (low vs. moderate vs. increased vs. high risk) (p=0.0003 by the log-rank test). 

Figure 2. Subgroup analyses. Associations between the CERT1 risk categories at baseline (low risk [included as reference category] vs. moderate vs. increased vs. high risk) and the risk of developing the primary composite outcome in specific patient subgroups.

Figure 3. Receiver operating characteristic (ROC) curves and areas under the curves (AUROC) for estimating the discrimination of two predictive regression models between patients who developed the primary composite outcome and those did not. The predictive model 1 (blue curve) included traditional CVD risk factors, such as age, sex, smoking, hypertension, diabetes, prior history of CVD and use of antiplatelet or statin medications. The predictive regression model 2 (red curve) included these risk factors plus CERT1 risk score categories (p=0.0275 for comparison by the DeLong test).
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