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Objectives: Specific anti-inflammatory and/or immunomodulating drugs (AIDs) can influence endothelial function which is often impaired in patients with rheumatoid arthritis (RA). We sought to determine whether overall patterns of AID usage are similarly associated with endothelial function.

Methods: The reactive hyperaemia index (RHI), a marker of microvascular endothelial function, was measured in 868 RA patients reporting their intake of seven AIDs known to affect endothelial function. Latent class analysis (LCA) was performed to characterise patterns of AID usage. Models for 2–6 classes were compared using the AIC and BIC statistics and Lo-Mendell-Rubin likelihood ratio tests. Associations between the classes and RHI were adjusted for age, gender, body mass index, diabetes, HDL-cholesterol, LDL-cholesterol, family history of ischaemic heart disease, smoking status, RA duration, DAS28 score, steroid dose, existing hypertension, and C-reactive protein.

Results: LCA identified five distinct AID usage classes: Class 1, generally low medication usage; Class 2, using either sulfasalazine or non-tumour necrosis factor (TNF) inhibitors; Class 3, methotrexate users; Class 4, TNF-inhibitor users; and Class 5, hydroxychloroquine users. The geometric mean for the RHI for subjects in classes 1 to 5 was 1.92, 1.81, 1.94, 2.10, and 2.07, respectively, with subjects in classes 4 and 5 having better endothelial function than subjects in class 2 (p = 0.003 for each). The glucocorticoid dosage did not influence the classes formed or the association between the classes and the RHI in sensitivity analyses.

Conclusion: There were five broad patterns (classes) of AID usage in RA patients. The RHI was relatively lower in users of either sulfasalazine or non-TNF inhibitors. TNF inhibitors or hydroxychloroquine may counteract the negative effects of RA on endothelial function.
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INTRODUCTION

Endothelial dysfunction, affecting both the macrovascular and the microvascular beds, is commonly observed in patients with rheumatoid arthritis (RA), even in the absence of overt atherosclerotic cardiovascular disease (1–4). In particular, microvascular endothelial dysfunction might adversely affect local blood flow regulation, e.g., in the coronary circulation, with a consequent increased risk of ischaemic events (5). Notably, measures of microvascular, but not macrovascular, endothelial dysfunction have been shown to provide additional predictive capacity towards cardiovascular events to that of established risk scoring systems (6, 7). The exact mechanisms responsible for the onset and the progression of microvascular endothelial dysfunction in RA are largely unknown, although the presence of a pro-inflammatory and pro-oxidant state seems to play an important role (3, 8, 9). Several drugs with anti-inflammatory and/or immunomodulating effects (AIDs), e.g., non-steroidal inflammatory drugs (NSAIDs), glucocorticoids and disease-modifying anti-rheumatic drugs (DMARDs, synthetics, targeted synthetics, and biologics) are commonly prescribed in RA patients to control disease activity and mitigate the various intra- and extra-articular clinical manifestations (10). A number of studies have investigated the effects of different AIDs, particularly the DMARDs methotrexate and several biologics and glucocorticoids, on endothelial function in RA (1). However, the interpretation of the data on the association between the use of these drugs and measures of endothelial function is difficult as participants were generally treated with additional AIDs. As most patients with RA are routinely managed with different combinations of NSAIDs, glucocorticoids, and DMARDs assessing the effects of patterns of AID usage, rather than individual drugs, might be particularly useful for the identification of pharmacological strategies, including combinations of AIDs, exerting beneficial effects on endothelial function and, potentially, cardiovascular risk in RA.

Latent class analysis (LCA), is an objective (model-based) unsupervised machine learning technique that enables the identification of underlying classes (e.g., AID usage classes), with class membership defined by virtue of having similar values across a set of observed categorical variables (11). LCA can also be thought of as being a “person-centred” approach to analysis, with the focus of the analysis being on identifying groups of individuals with a pattern of similar values for a set of variables, in contrast to regression-based models that identify mean effects of individual variables. LCA thus captures the homogeneity of values for a set of variables within groups, and the heterogeneity of the same variable values between groups. At the same time, formal measures of model fit can be used to identify the most parsimonious number of distinct patterns (and thus class membership) in the data (12).

In this study, we used LCA to identify and describe the unique patterns of endothelial function related AID usage within a representative sample of RA patients. We then examined which, if any of these patterns were associated with better or worse microvascular endothelial function with adjustment for potential clinical and demographic confounders.



METHODS


Study Design

We conducted a cross-sectional study examining the association between AID usage and microvascular endothelial function in patients with RA. LCA was used to determine the major patterns of AID usage. LCA is a particular form of unsupervised machine learning with unlabelled data in which the hidden labels (i.e., class membership) are derived from a set of categorical observed variables (11). Thus, the analysis clusters subjects into a smaller number of labelled classes. Our primary interest was to determine the strength of the relationship between these groups (defined by different patterns of AID usage) and measured microvascular endothelial function. Each AID was measured as a binary (yes/no) variable.



Patient Recruitment and Ethical Approval

We studied a consecutive series of patients with RA without clinically overt atherosclerotic cardiovascular disease, as part of the multicentre (three Italian hospital sites: Sassari, Cagliari, and Rome) Endothelial Dysfunction Evaluation for Coronary Heart Disease Risk Estimation in Rheumatoid Arthritis (EDRA) study (ClinicalTrials.gov: NCT02341066) between October 2015 and July 2017. The EDRA study was approved by the Azienda ASL 1 of Sassari (Italy) Institutional Review Board (2126/CE-2015) and was conducted in accordance with the Declaration of Helsinki.

Each subject signed a written informed consent before participation. Inclusion criteria were: 1) men and women aged >45 and <84 years, and 2) RA as defined by the ACR/EULAR 2010 RA classification criteria (13). Exclusion criteria were: 1) previous cardiovascular or cerebrovascular events, e.g., acute coronary syndrome, stable angina, stroke, interventional procedures, carotid endarterectomy, and symptomatic peripheral artery ischaemia, 2) abnormal electrocardiogram at rest, 3) signs or symptoms of autonomic nervous system dysfunction, 4) severe infections in the previous six months, 5) overt liver failure and/or renal disease (GFR <30 mL/min, Cockroft-Gault formula), 6) recent diagnosis of cancer, and 7) pregnancy.



Microvascular Endothelial Function

Microvascular endothelial function was assessed by measuring the reactive hyperaemia of the small digital artery (reactive hyperaemia index, RHI) after an ischaemic stimulus using pulse amplitude tonometry (PAT). PAT has been shown to be significantly associated with measures of coronary microvascular endothelial function (14), cardiovascular risk factors (15), and cardiovascular events (16). Patients were studied in a fasting state. Antihypertensive drugs were withheld on the study day. Finger probes, consisting of thimble a-shaped sensor cap which register pulsatile volume changes, were placed on the middle finger of each hand. Changes in digital pulse amplitude were detected by pressure transducers, filtered, amplified, and then recorded for further analysis by the EndoPAT 2000 device (Itamar Medical Inc., Caesarea, Israel). After a 5 min baseline measurement, the brachial artery flow was interrupted by a cuff placed on the proximal forearm and inflated to 200 or 60 mmHg above the systolic blood pressure, for 5 min. Then, the cuff was deflated, and the digital pulse amplitude was recorded for a further 6 min. The ratio of the post-ischaemic pulse amplitude signal compared with baseline was calculated, normalised for the baseline signal, and indexed to the contralateral one. The log-transformed ratio, expressed as Ln-RHI, reflected the small artery reactive hyperaemia, with lower values representing impaired endothelial function.



Baseline Characteristics and AID Usage

We collected data on hypertension (blood pressure ≥140/90 mmHg or treatment with antihypertensive drugs), diabetes mellitus (patient history and/or treatment with insulin or oral hypoglycaemic agents), family history of ischaemic heart disease (IHD) in first-degree relatives, smoking habit, total, HDL- and LDL-cholesterol, triglycerides, steroid treatment and cumulative steroid dose in the last month, number of swollen joints, number of tender joints, C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), Disease Activity Score-28 (DAS-28), Health Assessment Questionnaire (HAQ), positivity for IgM-rheumatoid factor (IgM-RF), and anti-citrullinated cyclic peptide antibodies (ACPA). The specific seven AIDs of interest that were used for the LCA included NSAIDs and the DMARDs methotrexate, leflunomide, hydroxychloroquine, sulfasalazine, and the biologics TNF-inhibitors and non-TNF inhibitors. These agents were selected as they have been previously shown to influence endothelial function in experimental and clinical studies of RA and other disease states (1, 17–22).



Statistical Analysis

Descriptive statistics were used to describe the baseline characteristics of RA patients using either mean and standard deviation for normally distributed continuous variables, median and inter-quartile range for non-normally distributed continuous variables and frequency (percentage) for categorical variables. Correlations between the endothelial related AIDs were estimated using Spearman's rho correlation coefficient. LCA was performed to identify the pattern of medication usage of the seven AIDs of interest. Models were estimated for between 2 and 6 latent classes, and for each model the class membership of each subject was decided based their highest (posterior) predicted probability of class membership. Model selection was based on several model fit statistics including the Akaike Information Criterion (AIC), the Bayesian Information Criterion (BIC) (smaller values are better for each), and entropy (larger values are better). Likelihood ratio tests were also used to assess the difference in fit between models. The final selected model was based on both model fit (lowest AIC and BIC and largest entropy) and consideration of the number of subjects assigned to each class with a minimum of 5% of all subjects in a single class used as a rule of thumb for the smallest class size (23). Line plots of the proportion of medication usage for each of the seven AIDs were used to identify the main medications characterising each class. We compared the Ln-RHI values across latent classes using multivariate linear regression with adjustment for age and gender (Model 1) and additional adjustment for body mass index (BMI), diabetes (yes/no), HDL-cholesterol, LDL-cholesterol, family history of IHD, smoking status (never, light, moderate, severe, or Former), RA duration, DAS28 score, steroid dose (mg/day), hypertension (yes/no), and CRP (Model 2). In each of these models we assessed the overall significance of the class membership variable on endothelial function using a Wald test and differences between classes on endothelial function using a z-score test. Due to the relatively high number of missing values for some variables, particularly smoking status, each regression analysis was performed after using multiple imputation using Stata's predictive mean matching algorithm with five nearest neighbours. The variables to be imputed and also used for imputation themselves included age, BMI, HDL-cholesterol, LDL-cholesterol, diabetes, smoking status, family history of IHD, RA duration, DAS28 score, CRP, and steroid dosage. Twenty sets of data were imputed, the analysis was performed on the imputed datasets and model estimates for each regression were then combined using standard methods. Finally, we assessed the independent associations between RHI values and each individual AID using a standard multivariate regression model approach with the seven AIDs included as exposure variables and the same adjustment variables as used in the LCA regression models. The LCA was performed using Mplus software. STATA software (StataCorp, version 15.1, USA) was used for the regression analyses and descriptive statistics. In Mplus, the LCA model was defined using the seven medication variables with each medication variable declared as being categorical and the Analysis type = mixture option was used to define the LCA model. An overall 2-sided type 1 error rate of α = 0.05 was considered statistically significant for determining differences across classes in all regression analyses.




RESULTS


Patient Recruitment and Missing Data

A total of 874 patients were recruited and 868 provided complete information on endothelial function related AIDs, were tested for microvascular endothelial function, and were therefore included in the analysis (Table 1). The amount of missing data for covariates for the 868 patients were: age (n = 8 missing values), HDL-cholesterol (n = 61), LDL cholesterol (n = 70), diabetes status (n = 7), smoking status (n = 9), family history of IHD (n = 10), RA duration (n = 9), DAS28 (n = 31), CRP (n = 24), steroid dosage (n = 2), and BMI (n = 16). Of the 868 patients, 748 had no missing data and 120 had missing data for at least one covariate. Data was imputed for all missing values for 20 separate datasets and were combined with the results of the LCA for regression analysis with the MI datasets. TNF inhibitors (n = 244) used included etanercept (n = 131), infliximab (n = 4), adalimumab (n = 82), golimumab (n = 9), and certolizumab (n = 18). Non-TNF inhibitors (n = 127) used included abatacept (n = 44), tocilizumab (n = 62), and rituximab (n = 21).


Table 1. Baseline clinical characteristics of the study population (n = 868).
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Latent Class Analysis

All LCA analyses with specified models for 2, 3, 4, 5, and 6 classes converged successfully and the AIC and BIC statistics and p-values for the Lo-Mendell-Rubin tests are described in Table 2. Based on the sample size adjusted BIC, the entropy, likelihood ratio tests for 4 vs. 5 classes, and 5 vs. 6 classes, the optimal number of classes was chosen as being 5. These 5 classes each included between 6.7 and 52.1% of the original sample size (Table 2). The mean probability of accurately assigned profile membership ranged from 0.43 for patients in class 2 to 1.00 for those in class 5 (Table 3) indicating an overall high degree of certainty that everyone was assigned to the correct medication usage class.


Table 2. Summary of fit statistics for latent class models.
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Table 3. Mean posterior probabilities associated with class membership in the 5-class LCA model.
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Qualitative Labelling of the Latent Classes

Figure 1 describes the mean percentage of subjects within each class using each of the seven AIDs. Class 1 (n = 156) was depicted by subjects with low overall drug usage except for NSAIDs (35.9%) and leflunomide (29.5%). Class 2 subjects had a high usage of methotrexate (62.0%), sulfasalazine (41.3%), and non-TNF inhibitors (67.2%). Class 3 subjects were characterised by the use of methotrexate (100%) with some subjects also using NSAIDs (25.3%) and/or TNF-inhibitors (30.1%). Class 4 subjects were characterised by the use of TNF-inhibitors (100%) with some subjects also using leflunomide (24.2%). Class 5 subjects were characterised by the use of hydroxychloroquine (100%) with some subjects also using methotrexate (52.2%). These statistics suggested labels for the 5 classes as follows: Class 1, low medications; Class 2, sulfasalazine and non-TNF inhibitor; Class 3, methotrexate; Class 4, TNF-inhibitors; and Class 5, hydroxychloroquine.


[image: Figure 1]
FIGURE 1. Average medication usage of anti-inflammatory and immunomodulating drugs known to affect endothelial function for each latent class.




Clinical and Demographic Characteristics and Medication Usage

The baseline characteristics of the 868 patients are described in Table 1. The mean ± SD age was 60.9 ± 9.4 years and 656 (75.6%) were female. There were no differences in age or gender distribution across the five latent classes. However, there were significant differences across the five classes for LDL-cholesterol, RA duration, DAS28 (p < 0.001 for each) and smoking status (p = 0.009). There were also significant differences across classes for all seven AIDs used in the LCA (p < 0.001 for each) and the Ln-RHI (p = 0.014). The Spearman's rho correlation coefficients for the seven endothelial function related AIDs were generally weak (absolute value ≤0.30) except for a moderate inverse correlation between leflunomide and methotrexate usage (ρ = −0.352; Table 4).


Table 4. Proportion of medication usage and Spearman's rho correlations for the 7 medications used in the LCA (n = 868).
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Multivariate Regression Analysis of Ln-RHI on Latent Classes

Following multiple imputation, all 868 patients were included in the multivariate linear regression analysis for Ln-RHI (Table 5). After adjustment for age and gender (Model 1), there was a significant association between class membership and Ln-RHI (p = 0.014). Overall, class 4 and class 5 subjects had relatively higher RHI values compared to patients in class 2 (17% higher, p = 0.005, and 15% higher, p = 0.007, respectively). Following complete adjustment (Model 2), including the daily steroid dose, the relatively higher values of RHI for class 4 and class 5 compared to class 2 remained (19% higher, p = 0.003, and 17%, p = 0.003, respectively).


Table 5. Multivariate linear regression analysis of log transformed RHI on latent class membership (n = 868)a.
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Multilevel Regression for Ln-RHI on Individual Endothelial Function Related AIDs

Table 6 shows the results of the multivariate linear regression analysis of Ln-RHI on the seven individual AIDs. In Model 1 (age and gender adjusted), sulfasalazine use was associated with a 12% lower Ln-RHI (expβ = 0.88, 95% CI 0.78, 0.88, p = 0.02). In Model 2 (full adjustment), including daily steroid dose, sulfasalazine use was associated with an 11% lower Ln-RHI (expβ = 0.89, 95% CI 0.80, 0.99, p = 0.032) and hydroxychloroquine was associated with a 7% higher Ln-RHI (expβ = 1.07, 95% CI 1.00, 1.14, p = 0.044).


Table 6. Multivariate linear regression analysis of log transformed RHI on the 7 individual endothelial related drugs (n = 868)a.
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DISCUSSION

In this study we used LCA, an unsupervised machine learning technique, to identify five broad usage patterns of AIDs within a population of patients with RA. Following classification of the RA subjects into one of the five classes, we used regression analysis to show that the five classes were associated with measures of microvascular endothelial function. Patients in class 4, ninety-six percent of whom used TNF-inhibitors, and patients in class 5 that all used hydroxychloroquine, had significantly better microvascular endothelial function than those patients in class 2 who all used either sulfasalazine or non-TNF inhibitors. Of note, only a small percentage of subjects in classes 4 and 5 used either sulfasalazine or non-TNF inhibitors (5.5 and 11.7%, respectively). Patients in class 1 and class 3 who did generally not use TNF inhibitors or hydroxychloroquine did not have lower endothelial function compared to subjects in class 2. In addition, multivariate regression using the seven individual AIDs as exposure variables instead of class membership demonstrated an independent protective effect of hydroxychloroquine on microvascular endothelial function.

A number of experimental and clinical studies have investigated the effects of different AIDs on measures of endothelial function and synthesis of nitric oxide (NO), a key endogenous messenger that is synthesised in the endothelial cells and mediates several effects on vascular homeostasis, e.g., vasodilatation, smooth muscle cell proliferation, and modulation of arterial stiffness (24). The AIDs that have been particularly studied in the context of RA include the glucocorticoids and the DMARDs methotrexate and several biologics, i.e., TNF and non-TNF inhibitors (1). Studies investigating methotrexate have reported contrasting effects on endothelial function. Differences in background therapy with other DMARD or non-DMARD agents, baseline endothelial function, RA disease activity, and treatment duration might explain, at least in part, such discrepancies (1). By contrast, a systematic review and meta-analysis has shown that treatment with TNF inhibitors is associated with a significant improvement in endothelial function in patients with RA (22). Similarly, four small studies have reported beneficial effects of non-TNF inhibitor biologics, i.e., tocilizumab, anakinra, and rituximab, on endothelial function in RA patients with or without background treatment with other DMARDs (25–28). Finally, treatment with glucocorticoids has been shown to exert either neutral or beneficial effects on endothelial function, again in RA patients already receiving background therapy with DMARDs (29, 30).

Our study, based on a different statistical approach that consisted in assessing patterns of AID usage, rather than of individual AIDs, suggests that the use of hydroxychloroquine or TNF-inhibitors is associated with better microvascular endothelial function when compared to the usage of sulfasalazine or non-TNF inhibitors in RA patients. Several lines of evidence suggest that hydroxychloroquine might exert protective effects on endothelial function and vascular homeostasis both in vitro and in vivo. For example, hydroxychloroquine has shown atheroprotective effects by targeting toll-like receptor signalling, cytokine synthesis, activation of T-cells and monocytes, oxidative stress pathways, and endothelial dysfunction, in systemic lupus erythematosus and experimental models of inflammation and pre-eclampsia (31–33). The beneficial effects of TNF inhibitors on endothelial function previously reported can primarily be attributed to their main pharmacodynamic effect (22). There is good evidence that the cytokine TNF-α exerts significant detrimental effects on the structural and functional integrity of the endothelium, primarily through the increased local synthesis of reactive oxygen species (34). Little is known on the effects of sulfasalazine on endothelial function and vascular homeostasis. A study in patients with IHD reported that acute, 4-day, treatment with sulfasalazine did not exert any significant effect on microvascular or macrovascular endothelial function (35). By contrast, in an animal model of sickle cell disease, sulfasalazine treatment significantly improved microvascular blood flow (36). Whilst, as previously discussed, the non-TNF inhibitor biologics tocilizumab and anakinra have shown beneficial effects on endothelial function in RA (25, 26), this association was not confirmed in our study. It should be emphasised that a fraction of our patients was on tocilizumab whereas the remaining were prescribed abatacept and rituximab. A recent systematic review has identified studies investigating the effects of abatacept (n = 2) and rituximab (n = 8) on measures of vascular function in patients with RA. However, the studies on abatacept did not assess microvascular or macrovascular endothelial function whereas four studies on rituximab investigated macrovascular (flow-mediated brachial artery dilatation), but not microvascular, endothelial function. Three of these studies reported an improvement in flow-mediated dilatation whereas the remaining one did not show any significant change with treatment (37). Further research is required to investigate the effects of abatacept and rituximab on microvascular endothelial function. However, the results of our study do not necessarily imply a negative effect of sulfasalazine and non-TNF inhibitors on microvascular endothelial function in RA, rather the presence of significant differences in Ln-RHI values between specific patterns of AID usage in favour of hydroxychloroquine and TNF-inhibitors. Treatment with hydroxychloroquine and TNF-inhibitors, singly or in combination, might confer protection against the detrimental effects of RA on endothelial function and, more generally, vascular homeostasis (1–3). The potential vasculoprotective effects of hydroxychloroquine are supported by the results of a recent systematic review and meta-analysis, which reported that the use of hydroxychloroquine and its analogue chloroquine in patients with rheumatic diseases was associated with a significant reduction in the risk of cardiovascular events (pooled risk ratio, RR, 0.72, 95% CI 0.56–0.94, p = 0.013) (38). Similarly, another systematic review and meta-analysis showed that, in patients with RA, treatment with TNF inhibitors was associated with a significantly lower risk of cardiovascular events (RR 0.70, 95% 0.54–0.90, p = 0.005) (39). The results of our study mandate the conduct of adequately designed interventional studies to investigate the effects of treatment with hydroxychloroquine, with or without TNF inhibitors, on endothelial function and overall cardiovascular risk in patients with RA. Given the reported similarities between the pathogenesis of RA and that of atherosclerosis the evidence of protective effects with hydroxychloroquine and/or TNF from such trials might translate into the possible repurposing of these drugs for cardiovascular risk management in other, non-autoimmune, patient populations.

An important limitation of our study is the cross-sectional design, which does not allow to establish a clear cause-effect relationship between the identified patterns of AID usage and the RHI. Furthermore, no information was available regarding the treatment duration for individual AIDs and the specific NSAIDs used. In particular, individual NSAIDs have shown different effects on endothelial function (17). Finally, the observed associations between AID usage and microvascular endothelial function need also to be confirmed with measures of macrovascular endothelial function, given pathophysiological and prognostic differences between the two vascular beds (1). Strengths include the sample size, our study being the largest assessing microvascular endothelial function in RA patients, the representability of the study population and the comprehensive set of clinical and demographic confounders, particularly RA duration and activity and the dose of steroids, that were adjusted for in our analyses.

In conclusion, our study suggests that specific patterns of AIDs usage, particularly hydroxychloroquine and/or TNF inhibitors, may counteract the negative effects of RA on microvascular endothelial function. Interventional studies are required to confirm our findings and to establish the potential role of these agents in cardiovascular risk management in RA and other patient groups.
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