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Objective: To investigate the association of concurrent use of oral anticoagulants (OACs) and sulfonylureas and the risk of hypoglycemia in individuals with type 2 diabetes mellitus (T2DM).

Research Design and Methods: A retrospective cohort study was conducted between 2001 and 2017 using electronic primary healthcare data from the IQVIA Medical Research Data (IMRD) that incorporates data supplied by The Health Improvement Network (THIN), a propriety database of Cegedim SA. Individuals with T2DM who received OAC prescription and sulfonylureas were included. We compared the risk of hypoglycemia with sulfonylureas and OACs using propensity score matching and Cox regression.

Results: 109,040 individuals using warfarin and sulfonylureas and 77,296 using direct oral anticoagulants (DOACs) and sulfonylureas were identified and included. There were 285 hypoglycemia events in the warfarin with sulfonylureas group (incidence rate = 17.8 per 1,000 person-years), while in the sulfonylureas only, 304 hypoglycemia events were observed (incidence rate = 14.4 per 1,000 person-years). There were 14 hypoglycemic events in the DOACs with sulfonylureas group (incidence rates = 14.8 per 1,000 person-years), while in the sulfonylureas alone group, 60 hypoglycemia events were observed (incidence rate =23.7 per 1,000 person-years). Concurrent use of warfarin and sulfonylureas was associated with increased risk of hypoglycemia compared with sulfonylureas alone (HR 1.38; 95% CI 1.10–1.75). However, we found no evidence of an association between concurrent use of DOACs and sulfonylureas and risk of hypoglycemia (HR 0.54; 95% CI, 0.27–1.10) when compared with sulfonylureas only.

Conclusions: We provide real-world evidence of possible drug-drug interactions between warfarin and sulfonylureas. The decision to prescribe warfarin with coexistent sulfonylureas to individuals with T2DM should be carefully evaluated in the context of other risk factors of hypoglycemia, and availability of alternative medications.
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BACKGROUND

Individuals with type 2 diabetes mellitus (T2DM) are often suffering from cardiovascular complications (1). Oral anticoagulant medications (OACs) including warfarin and direct oral anticoagulants (DOACs) are widely prescribed for the prevention and treatment of stroke, atrial fibrillation (AF) and venous thromboembolism (VTE) (2). However, their use may be associated with a high probability of drug-drug interactions, and serious adverse events (3).

Hypoglycemia is a common complication of antidiabetic medications such as sulfonylureas (4). Sulfonylureas act by lowering the blood glucose level by increasing insulin secretion in the pancreas and by blocking the ATP-sensitive potassium channels (5). Hypoglycemia can be potentiated by several risk factors including drug-drug interaction via inhibition of hepatic cytochrome P450 (CYP) enzymes which are responsible for the metabolism of sulfonylureas (6). Drugs that inhibit CYP450 may increase the concentration of sulfonylureas in the circulation and hence increase the risk of hypoglycemia (7). Previous pre-clinical studies have reported a possible drug-drug interaction between warfarin and sulfonylureas through the displaced plasma protein binding and hepatic metabolism CY450 (8–10). Two previous studies reported a significant association between warfarin and sulfonylurea (11, 12), However, both studies used a self-controlled series design, where a major limitation of this design is that patients health status may be different during the exposure period, and patients are sicker in periods of the exposure (13). Besides, Romley et al. only included patients aged >65 years old in their study, and therefore, their results may not be generalized to the entire populations (11), and they did not investigate the association of the concurrent use of sulfonylureas and DOACs.

Given the fact that diabetes and AF are highly prevalent, and that antidiabetic and anticoagulant medications are largely prescribed concomitantly and the possibility of developing drug-drug interactions (3, 14, 15), and the lack of published evidence, we aimed to investigate the association between concurrent OAC and sulfonylurea use and risk of hypoglycemia.



RESEARCH DESIGN AND METHODS


Study Design

This was a population-based cohort study in individuals with T2DM from 2001 to 2017.



Data Source

We used the electronic primary healthcare data from the IQVIA Medical Research Data (IMRD) that incorporates data supplied by The Health Improvement Network (THIN), a propriety database of Cegedim SA for this study. THIN is a UK primary care database containing anonymized administrative, clinical, and prescribing data from over 587 practices with more than 13 million individuals (16, 17). THIN is one of the largest sources for primary care data in the UK and has been validated for epidemiological research purposes (14, 15, 17). It holds data on personal information, health related behaviors, and diagnoses information which is recorded and identified using Read codes. Read codes are coded clinical terminologies that have been used to define the care, diagnosis and the management of diseases. It is used by the NHS to in the UK manage primary care data in electronic health records (18). THIN contains records of prescriptions issued only by GPs and recorded in the individual's records (16, 17). Data from practices that met the acceptable mortality reporting (AMR) measures of quality assurance for THIN data were used in this study (19).

This study was reviewed, and scientific approval was obtained by THIN SRC in 2018 (18THIN046). The research was reported in accordance with strengthening the reporting of observational studies in epidemiology (STROBE) Statement.



Study Cohort

The study population included people aged at least 18 years old, with a recorded diagnosis of T2DM. Patients with T2DM were identified using the Read codes, which were intensively used in the previous diabetes related studies. To ensure accurate measurement of medical history, we included individuals only if they had an observation period of at least 12 months before the first T2DM diagnosis and were registered with the general practice during the study period. Individuals were followed up until the end of September 2017 and were censored if they experienced the outcome of interest, died, left their general practice during the study period, or stopped medications during the overlapping period of both medications, whichever came first.

The study covered a period of 17 calendar years (2001–2017), and two separate but similar analyses were carried out. The first and second analyses comprised individuals with T2DM who received at least one prescription for one of the OACs of interest [including warfarin (Analysis 1) or DOACs (Analysis 2)] and sulfonylureas and were identified using drug codes recorded in THIN. The index date (start date) was defined as the date on which users were first co-exposed (concurrently) to both medications (OACs and sulfonylureas), regardless of which medication was first. Individuals with records of prescriptions of both medications during the follow up were included in the study. The index date was defined as: (a) if sulfonylurea prescription was between the first and last warfarin prescriptions then the date of sulfonylurea was accounted as the index date if warfarin prescription was between the first and last sulfonylurea prescriptions then the date of warfarin was accounted as the index date. Individuals who did not meet these criteria were categorized as ‘no overlap' and excluded. We also excluded individuals if they had <12 months observation period, were <18 years old, were diagnosed with malignancy or metastatic tumors (as they are at higher risk of glucose level fluctuations due to anticancer therapy) and individuals with incomplete data for transfer out or death data. Details of the exclusion criteria are provided in Figure 1.


[image: Figure 1]
FIGURE 1. Flow chart of the study cohorts.




Exposure Definition

The exposure of interest was person-time concomitantly exposed to OACs and sulfonylureas after the diagnosis of T2DM. OACs included warfarin and DOACs (dabigatran, apixaban, rivaroxaban and edoxaban). Individuals with records of acenocoumarol or phenindione only were not included, because of the very low number of individuals and because it is very unlikely to be prescribed in the UK. Sulfonylureas were of a second generation and included: gliclazide, glipizide, glyburide and glimepiride. For Analysis 1, we compared individuals using warfarin and sulfonylureas concurrently, vs. individuals using sulfonylureas only, and the index date for this group was the first prescription of sulfonylureas. For Analysis 2, we compared individuals using DOACs and sulfonylureas concurrently, vs. individuals using sulfonylureas only, and the index date for this group was the first prescription of sulfonylureas. only individuals who were new users from 2011 onwards were included in Analysis 2, as DOACs were first approved on the market from 2011. Further exploratory subgroup analyses were also conducted to investigate the risk of hypoglycemia when warfarin was used with different types of sulfonylureas (gliclazide, glipizide, glyburide and glimepiride).



Study Outcomes

The study outcome was incident hypoglycemia during the follow up time defined as the first record of hypoglycemia after the index date.



Study Covariates

Demographics, comorbidities, and medications associated with developing hypoglycemia were included as covariates, based on previous studies (11, 12, 20) and clinician recommendation. These covariates include age, gender, smoking status (never-smoked, ex-smoker and current smoker), body mass index (BMI), alcohol consumption (never-drink, ex-drinker and current drinker), Townsend deprivation score, CVDs disease, history of hyperglycemia, hyperlipidemia, hypertension (HTN), AF, stroke/ transient ischemic attack (TIA), deep vein thrombosis (DVT), peripheral vascular disease (PVD), chronic kidney disease (CKD), liver disease, anxiety, depression, chronic obstructive pulmonary disease (COPD), use of multiple antidiabetics (intensification), beta-blockers (BBs), angiotensin converting enzyme inhibitor (ACEIs), angiotensin II receptor blocker inhibitor (ARBs), calcium channels blockers (CCBs), statins, corticosteroids, antiplatelets. Information for comorbidities was evaluated at any time on/or before the index date and was identified using the Read codes and alcohol consumption, smoking status were the latest records prior to the study entry date. Medications were identified using the drug codes within 180-days on/or before the start date. Townsend deprivation is a measure of material deprivation which is calculated using census data and linked to area of residence in the UK. It includes information for unemployment, overcrowding, car ownership, and home ownership for small geographies, which is calculated to generate an overall score. This is recorded in THIN database as quintiles, with quintile 1 as the lowest (least deprived) and 5, the highest (21). We did not account for international normalized ratio (INR) results because the data was not complete.



Propensity Score Matching

To minimize potential bias due to non-randomized, a propensity score matching cohort (within ±0.05, comprising 1:1 controls were created (22). To address confounding by indication, when individuals with T2DM with more severe illness are likely to be treated with insulin, sulfonylurea or multiple antidiabetic medications or individuals with T2DM using OACs might be prescribed OACs for different indications, we included the following variables (AF, DVT and stroke/TIA) in the PS model (23). We used a logistic regression model to estimate the propensity score for each individual and variables listed in the previous section were included. Absolute Standardized Differences (ASD) for all baseline variables were calculated to assess the differences in individuals' characteristics and covariates balance between treatment groups before and after the propensity score matching. We used a cut-off point of 0.1 ASD (24–28).



Statistical Analysis

Individual's characteristics were presented as number (percentage) for categorical variables and as mean (±SD) for continuous variables. Crude incidence rates were calculated by dividing the number of hypoglycemia events by person-time at risk and were expressed as rates per 1,000 person-years. Person-year was calculated as the time from the index date until the end of follow up. The Cox proportional hazard model before and after propensity score was used to estimate the time to an event, and to investigate the association between the use of OACs with co-existent sulfonylurea and the risk of hypoglycemia; results were presented as HR with 95% confidence interval (CI). We performed Kaplan–Meier survival curves plots on the matched datasets to compare outcomes between the cohorts over time. The hazard assumption was examined by both visual graphs and by applying tests using ph statement (proc PHREG) in SAS statistical software. All analysis was performed using SAS version 9.4 (SAS Institute).



Sensitivity Analysis

To confirm the robustness of our results we conducted five sensitivity analyses. First, we re-analyzed the data taking into account subsequent changes in the exposure status. Individuals were censored if they stopped the treatment. The gap between expected prescription end date and the start date of any subsequent prescription were no more than 90 days.

Second, we repeated the analysis using the IPTW method to address the risk difference between groups at baseline (29). The stabilized IPTW was calculated by multiplying the IPTW by the marginal probability of receiving the actual treatment (29). Stabilization was used to reduce the variability of the IPTW weights (30). The predictor variables inserted in the IPTW models included the same covariates as in the PS matching. PS trimming for the IPTW was also conducted. We re-analyzed the IPTW based on (1st percentile of the PS distribution in exposure and the 99th percentile of the PS in non-exposed treated) (31). Third, the missing data on smoking status, BMI, alcohol consumption and Townsend scores were imputed by the multiple imputation (MI) method (32, 33). All PS covariates, the outcome and survival time were included in the MI model, and 25 imputed datasets were generated, analyzed separately and then combined using Rubin's rule.



Patient and Public Involvement

It was not appropriate or possible to involve individuals or the public in the design, or conduct, or reporting, or dissemination plans of this research.



Data and Resource Availability

Data access is through permission from THIN only.




RESULTS


Individuals' Characteristics

A total of 418,613 individuals with T2DM were identified, of whom only 178,084 received a prescription for sulfonylureas and OACs at some point during the study period between 2001 and 2017. We excluded 49,317 (22%) individuals in the warfarin group (Analysis 1) and 16,413 (17.5%) individuals in the DOACs group (Analysis 2) for missing data in the main analysis. Finally, after we applied exclusion criteria, 109,040 using warfarin and sulfonylureas (Analysis 1) and 77,296 using DOACs and sulfonylureas (Analysis 2) were included for the analyses. Details of the identification of the study cohort, including the study cohort of individuals included in Analyses 1 and 2 are presented in Figure 1.

At baseline (Table 1), before propensity score matching, compared to individuals who received sulfonylureas only, individuals who received warfarin with sulfonylureas were older (mean age: 73.3 vs. 61.0), had a higher cardiovascular profile: CVDs (14.7 vs. 4.5%), HTN (68 vs. 50%), stroke/TIA (19 vs. 5.7%), AF (61 vs. 1.8%), and DVT (21 vs. 2%). At least 50% of the study population had a BMI ≥30, with nearly similar BMI ratios in individuals who received warfarin with sulfonylureas compared to individuals who received sulfonylureas only. However, gender and the mental health profile including depression and anxiety showed little difference between the two groups (61% females vs. 57%females, 20 vs. 23% and 13 vs. 15%, respectively). After matching, all baseline individuals' characteristics had standardized differences <0.1 (Table 1). Details of the study characteristics, including individuals' characteristics of Analysis 2 (DOACs with sulfonylureas vs. sulfonylureas), are presented in Supplementary Table S1.


Table 1. Individuals' characteristics among the cohort of first analysis (sulfonylureas and warfarin vs. sulfonylureas only).
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Hypoglycemia
 
Warfarin With Sulfonylureas vs. Sulfonylureas

There were 578 hypoglycemia events in the warfarin and sulfonylureas group (crude incidence rates = 16.7 per 1,000 person-years), while 7,307 hypoglycemia events were recorded in the sulfonylureas only group with a total follow up of 526,422.49 person-years, (crude incidence rates = 13.8 per 1,000 person-years). The risk of developing hypoglycemia was higher for individuals receiving warfarin with sulfonylureas compared to individuals receiving sulfonylureas alone (HR 1.20; 95% CI, 1.10 – 1.30), P < 0.0001) (Table 2).


Table 2. Number of events, incidence rates and crude HR, for risk of hypoglycemia.
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DOACs With Sulfonylureas vs. Sulfonylureas

Individuals using DOACs with sulfonylureas concomitantly contributed to a total of 957 person-years, during which 14 hypoglycemic events were recorded (crude incidence rates = 15.0 per 1,000 person-years), while in the (sulfonylureas only group, a total of 246,345.65 person-years, with 4,514 hypoglycemia events were recorded (crude incidence rates = 18.0 per 1,000 person-years). The risk of developing hypoglycemia was lower for individuals receiving DOACs with sulfonylureas compared to individuals receiving sulfonylureas alone. However, this was not statistically significant (HR 0.66; 95% CI, 0.39–1.11, p = 0.118) (Table 2). In the subgroup analysis, patients who received gliclazide with warfarin had a higher risk of hypoglycemia compared to patients who received gliclazide alone (HR 1.23; 95% CI, 1.12–1.34, P = <0.0001). In addition, patients who received glyburide with warfarin had a higher risk of hypoglycemia compared to patients who received glyburide alone (HR 1.82; 95% CI, 1.30–2.52, P = <0.0001). However, patients who received either glipizide or glimepiride with warfarin did not have a higher risk of hypoglycemia compared to patients who received either glipizide or glimepiride alone. For details, please see Supplementary Tables S5, S6.




Propensity Score Matched Analysis
 
Warfarin With Sulfonylureas vs. Sulfonylureas

After matching, 5,379 individuals were included in each group. There were a total of 15,959.04 of concomitant exposure and, 285 hypoglycemia events in the warfarin with sulfonylureas group (incidence rates = 17.8 per 1,000 person-years), while users of sulfonylureas only contributed to 21,028.52 person-years, during which 304 hypoglycemia events were observed (incidence rates = 14.4 per 1,000 person-years). The risk of hypoglycemia was 38% higher in individuals with concomitant use of warfarin with sulfonylureas, compared to sulfonylureas alone users (HR 1.38; 95% CI, 1.10–1.76, P = 0.010) (Table 3). Kaplan–Meier curves for the incidence of hypoglycemia of Analysis 1 are shown in Figure 2.


Table 3. Number of events, incidence rates and HR, for risk of hypoglycemia for the matched cohort.
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FIGURE 2. Kaplan–Meier curves for the incidence of hypoglycemia during the follow-up period [sulfonylureas and warfarin (blue line) vs. sulfonylureas only (red line)].




DOACs With Sulfonylureas vs. Sulfonylureas

A total of 1,027 in each group were included in the analysis, with a total of 942, and 2,532 person-years were recorded, 14 and 60 hypoglycemic events happened in the DOACs with sulfonylureas and sulfonylureas alone groups, respectively (incidence rates =14.8 per 1,000 person-years and 23.7 per 1,000 person-years, respectively). The risk of developing hypoglycemia was again lower for individuals receiving DOACs with sulfonylureas compared to individuals receiving sulfonylureas alone (HR 0.54; 95% CI, 0.27–1.10, P = 0.091). However, this was not statistically significant (Table 3). Kaplan–Meier curves for the incidence of hypoglycemia of Analysis 2 are shown in Figure 3.
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FIGURE 3. Kaplan–Meier curves for the incidence of hypoglycemia during the follow-up period (sulfonylureas and DOACs vs. sulfonylureas only).





Sensitivity Analysis

The results of the sensitivity analyses are presented in Supplementary Tables S2–S4. When re-analyzing the data taking into account only individuals who received subsequent prescriptions within no more than 90-days, the risk of hypoglycemia was higher in individuals receiving warfarin with sulfonylureas compared to individuals receiving sulfonylurea alone (HR 1.14; 95% CI, 1.01–1.30, P = 0.032), Supplementary Table S2. However, the results of the matching analysis based on 90-days grace period showed non-statistically significant results between both groups (HR 1.10; 95% CI, 0.71–1.22, P = 0.634), Supplementary Table S2.

Results from the inverse probability of treatment weighting (IPTW) were similar to main analyses. Individuals had a higher risk of hypoglycemia by 24% when receiving warfarin with sulfonylureas compared to individuals receiving sulfonylureas alone (HR 1.24; 95% CI, 1.20–1.25, P < 0.0001) (Supplementary Table S3). The results of IPTW were different from main analysis when comparing individuals receiving DOACs and sulfonylureas concomitantly against individuals receiving sulfonylureas alone. The risk of hypoglycemia was again lower for individuals receiving DOACs and sulfonylureas, but significant in the IPTW analysis (HR 0.56; 95% CI, 0.36–0.90, P = 0.011). Results from the inverse probability of treatment weighting (IPTW), including PS trimming, are presented in Supplementary Table S3.

Results from multiple imputations were also similar to the main analyses, demonstrating warfarin with sulfonylurea treatment was associated with a higher risk of hypoglycemia compared to sulfonylureas alone (HR = 1.08; 95% CI, 1.03–1.13; p = <0.001), Supplementary Table S4.




DISCUSSION

In this large population-based study in UK primary care, we investigated the association between the concurrent use of OACs and sulfonylureas and the risk of hypoglycemia in individuals with T2DM. This study found that warfarin was associated with 38% increased risk of hypoglycemia when used with sulfonylureas concurrently in individuals with T2DM. We found no evidence of an association between the use of DOACs and sulfonylureas concurrently and the risk of hypoglycemia. The study results support the hypothesis that warfarin is associated with an increased risk of hypoglycemia when given concomitantly with sulfonylureas in individuals with T2DM.


Comparison With Other Studies

There are limited studies that explored the safety of the concurrent use of warfarin with sulfonylureas. Previous RCTs focused on younger population with fewer number of comorbidities. While the probability of adverse events was more common among elderly. This could be related to the difference in excretion rates between different age groups which is vital to maintain correct therapeutic levels (34).

The findings of increased risk of hypoglycemia among the use of warfarin with sulfonylureas are consistent with two previous large database studies using the Medicare claims and Medicaid programs in the United States (11, 12). Romley et al. reported that the concurrent use of warfarin and sulfonylureas was associated with a 22% higher risk for hypoglycemia (11) in a cohort study of 465,918 individuals. Similarly, in a self-controlled case series design, Nam et al. reported an elevated rate of serious hypoglycemia when warfarin was given concomitantly with sulfonylureas (glipizide, glyburide, glyburide) (12). However, in this study, we included DOAC use and had a longer follow-up than the other two studies.

Our findings indicated that there is no evidence of an association found between the use of DOACs and sulfonylureas concurrently and the risk of hypoglycemia. We suggest that our estimate did not reach the significant level due to the small sample size in the compared group and ultimately number if events. DOAC therapy has multiple advantages over warfarin therapy, which include lack of the need for regular monitoring of the degree of anticoagulation and wider therapeutic range (35, 36).

In this study, there was a difference in the incidence of hypoglycemia between the two groups (sulfonylurea alone group in cohort 1 vs. sulfonylurea alone group in cohort 2). However, a possible explanation for the difference in the incidence of hypoglycemia may be due to high proportion of multiple antidiabetic medication use in the sulfonylurea alone group in cohort 2 (81.3%). Use of multiple antidiabetic medication is a well-known risk factor for hypoglycemia and could be the reason for the difference in the incidence of hypoglycemia.



Potential Mechanisms

The underlying mechanism of action for the concurrent use of warfarin with sulfonylureas and increased risk of hypoglycemia is unclear. Previous pre-clinical hypotheses suggest some potential mechanisms for this association through a drug-drug interaction between the warfarin and sulfonylureas. First, there may be a displaced protein binding mechanism, where interaction between warfarin and sulfonylureas may occur on the site of the protein binding, and thus warfarin may enhance the plasma concentration of sulfonylureas in the blood, and hence increase its activity and risk of hypoglycemia (10). However, previous studies and reviews have described this mechanism of drug interaction to be overestimated and not to have meaningful clinical effects, as it only applies to data from in vitro studies, or to drugs that are given through loading intravenous doses (37, 38). Second, a drug-drug interaction through inhibition of the cytochrome CYP2C9 hepatic metabolic pathway has also been suggested. Warfarin, glimepiride, and glipizide are all largely metabolized by hepatic cytochrome CYP2C9 (10), and therefore, warfarin may limit the rate at which the sulfonylurea can be metabolized in the liver (39). This mechanism may explain the findings of this study, especially the fact that widely used drug references warn that the concurrent use of warfarin with sulfonylureas may increase the risk of bleeding (40). However, no previous human studies exist to validate this hypothesis, and future studies to investigate this association are needed.

Furthermore, pre-clinical studies have suggested that osteocalcin which is one of the important bone proteins produced by the bone (41), is involved in the metabolism of glucose and insulin sensitivity through the process of bone mineralization and formation, which requires high energy (42). It has been postulated that the uncarboxylated form of osteocalcin enhances the glucose tolerance by the beta cells in the pancreatic islets and increases the insulin sensitivity in peripheral tissues (42). However, this function is mainly dependent on Vitamin K, and therefore, administration of warfarin may block the activation of the carboxylation forum of osteocalcin and thus increase the uncarboxylated forum in the plasma (42). In vitro studies have suggested stimulation in the production of undercarboxylated osteocalcin by insulin through a positive feedback mechanism between the pancreas, adipose tissue and bone, which in turn enhances insulin production and sensitivity (43).



Meaning of the Study

Warfarin therapy is indicated as a prophylaxis and treatment for a wide range of life-threatening health conditions including venous thrombosis, pulmonary embolism, and thromboembolic complications associated with AF and cardiac valve replacement. Additionally, warfarin therapy proven to reduce the risk of death, recurrent MI and thromboembolic events (44). Nonetheless, warfarin therapy needs precise dosing regimen and follow-up by the patients and their healthcare professionals due to its associated potential drug-drug interaction and contraindications. Given the fact that diabetes and AF are highly prevalent, and that antidiabetic and anticoagulant medications are largely prescribed concomitantly (14, 15), this urge us to weight the benefit-risk ratio in the case of the concurrent use of antidiabetic and anticoagulant medications therapy and to find the optimal combination therapy for patients (45). Several important drug references have warned that warfarin may have some drug interactions when given with sulfonylureas including the possibility of bleeding, as sulfonylureas may increase the effect of warfarin. However, this possible drug interaction has not been studied extensively or appreciated in the literature and future studies are needed to investigate the association of the concurrent use of warfarin and sulfonylureas and the risk of bleeding. This study provides the first evidence for this drug interaction of two widely used medications in the UK, and it is also consistent with the findings from the previous studies in the US. In addition, this study found an insignificant reduced risk of hypoglycemia when DOACs are used concurrently with sulfonylureas.

Diabetes is associated with cardiac structural and functional alterations which may affect the outcomes of patients with DM and therefore, choosing efficacious treatment regimen is important to reduce the risk of complications (46). Previous studies reported controversial results regarding the use of sulfonylureas in patients with DM and cardiac complications (46). In addition, current major Guidelines for diabetes recommend the use of metformin and sodium-glucose co-transporter 2 (SGLT2) inhibitors for patients with DM and cardiac complications, as they have showed better outcomes and improvements, however, studies to investigate the concurrent use of metformin or SGLT2 with warfarin and/or DOACs are lacking, and we urge for future studies to investigate this association.



Implication of the Study

Individuals with T2DM receiving OACs are older and more susceptible to polypharmacy and drug-drug interactions (14, 15). Doctors and clinical pharmacists must be vigilant when prescribing warfarin with sulfonylureas and must be alert to both immediate and delayed-onset hypoglycemia when prescribing this drug combination. Clinical surveillance, frequent blood glucose measurements, INR monitoring, diet changes and patient education may be necessary to reduce the risk of hypoglycemia if individuals are prescribed these medications together (47, 48).

Additionally, given that DOACs are widely available nowadays, these medications may be an alternative therapy when OACs and sulfonylureas are indicated in individuals with T2DM. DOACs have a more predictable pharmacokinetic profile and have less drug-drug interactions.

This research has also highlighted a possible protective effect of DOACs against hypoglycemia when prescribed with sulfonylureas; however, the sample size was small, and we did not have a long follow-up time. Therefore, considering these results in the context of the currently available literature, we underline the need for future research with a longer follow-up time, and large sample sizes to examine the association of DOACs and sulfonylureas and the risk of hypoglycemia or bleeding in individuals with T2DM.



Strengths and Limitations of the Study

Our study has several strengths. Firstly; this study had a longer follow up period compared to the previous studies (11, 12). Secondly, this study used the population representative data from the UK primary care database—THIN. It is therefore, reasonable to assume that our findings are generalized and may broadly reflects real world practice in the UK and the world. Thirdly, we used advanced statistical method (i.e., PS matching and IPTW) to address the measured confounder issue at baseline. In addition, to confirm the robustness of our results, we conducted several sensitivity analyses that suggest our results are robust, including multiple prescriptions grace periods, IPWT and multiple imputations.

This study has some limitations. Firstly, this study is an observational cohort study, and unlike RCTs, the residual confounding cannot be excluded. Secondly, due to the emergency nature of the outcomes of interest (hypoglycemia), we did not have access to hospital data, also, mild hypoglycemia may not be reported to the doctors, and this could lead to underestimations of the cases. Thirdly, in our study we were unable to adjust or match for laboratory parameters. Despite that wide range of confounders were adjusted for in our analyses, which is potentially justified, this could increase the risk of the model fit being affected when there is a small sample size or frequency of outcomes. THIN is an administrative database and therefore, data on medication adherence, the actual ingestion of medications or diet is lacking. However, we tackled this by conducting a sensitivity analysis to account only for prescription refills of fewer than 90 days.




CONCLUSION

In summary, the study found that warfarin was associated with an increased risk of hypoglycemia when given concomitantly with sulfonylureas in individuals with T2DM. Concurrent use of DOACs with sulfonylureas however was associated with an insignificant reduced risk of hypoglycemia. The decision to prescribe warfarin with coexistent sulfonylureas to individuals with T2DM should be carefully evaluated in the context of other risk factors of hypoglycemia, and the availability of alternative medications. Future studies are needed to validate the finding of the association of DOACs and sulfonylureas and the risk of hypoglycemia on larger sample size and longer follow-up periods.



DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available because the data can only be accessed through permission from THIN only. Requests to access the datasets should be directed to l.wei@ucl.ac.uk.



ETHICS STATEMENT

This study was reviewed and scientific approval was obtained by IQVIA Scientific Review Committee in 2018 (18THIN046). Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

Concept and design, and had full access to all the data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis: HA, IW, and LW. Acquisition, analysis, or interpretation of data: HA, IW, AB, PM, CW, and LW. Drafting of the manuscript: HA, IW, AB, AN, CW, and LW. Statistical analysis: HA, PM, and LW. Administrative, technical, or material support: HA. Study supervision: IW, CW, and LW. Critical revision of the manuscript for important intellectual content: All authors. All authors contributed to the article and approved the submitted version.



FUNDING

HA project was supported by a scholarship from the Saudi Arabian Ministry of Higher Education.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.893080/full#supplementary-material



REFERENCES

 1. Celis-Morales CA, Petermann F, Hui L, Lyall DM, Iliodromiti S, McLaren J, et al. Associations between diabetes and both cardiovascular disease and all-cause mortality are modified by grip strength: evidence from UK biobank, a prospective population-based cohort study. Diabetes Care. (2017) 40:1710–8. doi: 10.2337/dc17-0921

 2. National Institute for Health Care Excellence. Atrial Fibrillation Management. NICE guideline (CG180) (2014). Available online at: https://www.nice.org.uk/guidance/cg180 (accessed February 10, 2022). 

 3. Ament P BJ, Liszewski J. Clinically significant drug interactions. Am Fam Phys. (2000) 15:1745–54. 

 4. Jennings AM, Wilson RM, Ward JD. Symptomatic hypoglycemia in NIDDM patients treated with oral hypoglycemic agents. Diabetes Care. (1989) 12:203–8. doi: 10.2337/diacare.12.3.203

 5. Proks P, Reimann F, Green N, Gribble F, Ashcroft F. Sulfonylurea stimulation of insulin secretion. Diabetes. (2002) 51(Suppl. 3):S368–76. doi: 10.2337/diabetes.51.2007.S368

 6. Kirchheiner J, Roots I, Goldammer M, Rosenkranz B, Brockmöller J. Effect of genetic polymorphisms in cytochrome p450 (CYP) 2C9 and CYP2C8 on the pharmacokinetics of oral antidiabetic drugs: clinical relevance. Clin Pharmacokin. (2005) 44:1209–25. doi: 10.2165/00003088-200544120-00002

 7. Scheen AJ. Drug interactions of clinical importance with antihyperglycaemic agents: an update. Drug Saf . (2005) 28:601–31. doi: 10.2165/00002018-200528070-00004

 8. Namazi SaRG. Case presentation of a 45 years old woman with hypoglycemia and bleeding. Iran J Pharm Sci. (2005) 9:183–8. Available online at: https://iranjournals.nlai.ir/bitstream/handle/123456789/79447/8950D0EDB75DD954B38B3F85CB1E1B32.pdf?sequence=-1

 9. Naganuma M, Hashimoto Y, Matsuura Y, Terasaki T, Uchino M. A case of sustained hypoglycemia induced by taking glibenclamide and warfarin subtitle_in_Japanese. Nosotchu. (2003) 25:334–7. 

 10. Triplitt C. Drug interactions of medications commonly used in diabetes. Diabetes Spectrum. (2006) 19:202–11. doi: 10.2337/diaspect.19.4.202 

 11. Romley JA, Gong C, Jena AB, Goldman DP, Williams B, Peters A. Association between use of warfarin with common sulfonylureas and serious hypoglycemic events: retrospective cohort analysis. BMJ. (2015) 351:h6223. doi: 10.1136/bmj.h6223

 12. Nam YH, Brensinger CM, Bilker WB, Leonard CE, Han X, Hennessy S. Serious hypoglycemia and use of warfarin in combination with sulfonylureas or metformin. Clin Pharmacol Ther. (2018) 1:210–18. doi: 10.1002/cpt.1146

 13. Hallas J, Pottegård A. Use of self-controlled designs in pharmacoepidemiology. J Intern Med. (2014) 275:581–9. doi: 10.1111/joim.12186

 14. Alwafi H, Wei L, Naser AY, Mongkhon P, Tse G, Man KKC, et al. Trends in oral anticoagulant prescribing in individuals with type 2 diabetes mellitus: a population-based study in the UK. BMJ Open. (2020) 10:e034573. doi: 10.1136/bmjopen-2019-034573

 15. Alwafi H, Wong ICK, Banerjee A, Mongkhon P, Whittlesea C, Naser AY, et al. Epidemiology and treatment of atrial fibrillation in patients with type 2 diabetes in the UK, 2001–2016. Sci Rep. (2020) 10:12468. doi: 10.1038/s41598-020-69492-z

 16. Blak BT, Thompson M, Dattani H, Bourke A. Generalisability of The Health Improvement Network (THIN) database: demographics, chronic disease prevalence and mortality rates. Informatics Prim Care. (2011) 19:251–5. doi: 10.14236/jhi.v19i4.820

 17. Lewis JD, Schinnar R, Bilker WB, Wang X, Strom BL. Validation studies of the health improvement network (THIN) database for pharmacoepidemiology research. Pharmacoepidemiol Drug Saf . (2007) 16:393–401. doi: 10.1002/pds.1335

 18. Digital N,. Read Codes. (2020). Available online at: https://digital.nhs.uk/services/terminology-and-classifications/read-codes (accessed February 10, 2022). 

 19. Maguire A, Blak BT, Thompson M. The importance of defining periods of complete mortality reporting for research using automated data from primary care. Pharmacoepidemiol Drug Saf . (2009) 18:76–83. doi: 10.1002/pds.1688

 20. Leonard CE, Bilker WB, Brensinger CM, Han X, Flory JH, Flockhart DA, et al. Severe hypoglycemia in users of sulfonylurea antidiabetic agents and antihyperlipidemics. Clin Pharmacol Ther. (2016) 99:538–47. doi: 10.1002/cpt.297

 21. Health and Deprivation P Townsend P Phillimore A Beattie Health and Deprivation Published by Croom Helm 212pp £19.95 0–7099-4351–2 [Formula: see text]. Nurs Stand. (1988) 2:34. doi: 10.7748/ns.2.17.34.s66

 22. Austin PC. An introduction to propensity score methods for reducing the effects of confounding in observational studies. Multivariate Behav Res. (2011) 46:399–424. doi: 10.1080/00273171.2011.568786

 23. Okoli GN, Sanders RD, Myles P. Demystifying propensity scores. Br J Anaesth. (2014) 112:13–5. doi: 10.1093/bja/aet290

 24. Lau WC, Chan EW, Cheung CL, Sing CW, Man KK, Lip GY, et al. Association between dabigatran vs warfarin and risk of osteoporotic fractures among patients with nonvalvular atrial fibrillation. JAMA. (2017) 317:1151–8. doi: 10.1001/jama.2017.1363

 25. Normand S-LT, Landrum MB, Guadagnoli E, Ayanian JZ, Ryan TJ, Cleary PD, et al. Validating recommendations for coronary angiography following acute myocardial infarction in the elderly: a matched analysis using propensity scores. J Clin Epidemiol. (2001) 54:387–98. doi: 10.1016/S0895-4356(00)00321-8

 26. Austin PC. Balance diagnostics for comparing the distribution of baseline covariates between treatment groups in propensity-score matched samples. Stat Med. (2009) 28:3083–107. doi: 10.1002/sim.3697

 27. Fanning L, Lau WCY, Mongkhon P, Man KKC, Bell JS, Ilomäki J, et al. Safety and effectiveness of direct oral anticoagulants vs warfarin in people with atrial fibrillation and dementia. J Am Med Dir Assoc. (2020) 21:1058–64.e6. doi: 10.1016/j.jamda.2019.11.022

 28. Mongkhon P, Fanning L, Lau WCY, Tse G, Lau KK, Wei L, et al. Oral anticoagulant and reduced risk of dementia in patients with atrial fibrillation: a population-based cohort study. Heart Rhythm. (2020) 17(5 Pt A):706–13. doi: 10.1016/j.hrthm.2020.01.007

 29. Austin PC, Stuart EA. Moving towards best practice when using inverse probability of treatment weighting (IPTW) using the propensity score to estimate causal treatment effects in observational studies. Stat Med. (2015) 34:3661–79. doi: 10.1002/sim.6607

 30. Xu S, Ross C, Raebel MA, Shetterly S, Blanchette C, Smith D. Use of stabilized inverse propensity scores as weights to directly estimate relative risk and its confidence intervals. Value Health. (2010) 13:273–7. doi: 10.1111/j.1524-4733.2009.00671.x

 31. Lee BK, Lessler J, Stuart EA. Weight trimming and propensity score weighting. PLoS ONE. (2011) 6:e18174. doi: 10.1371/journal.pone.0018174

 32. Pedersen AB, Mikkelsen EM, Cronin-Fenton D, Kristensen NR, Pham TM, Pedersen L, et al. Missing data and multiple imputation in clinical epidemiological research. Clin Epidemiol. (2017) 9:157–66. doi: 10.2147/CLEP.S129785

 33. Marshall A, Altman DG, Holder RL, Royston P. Combining estimates of interest in prognostic modelling studies after multiple imputation: current practice and guidelines. BMC Med Res Methodol. (2009) 9:57. doi: 10.1186/1471-2288-9-57

 34. Abraham NS, Singh S, Alexander GC, Heien H, Haas LR, Crown W, et al. Comparative risk of gastrointestinal bleeding with dabigatran, rivaroxaban, and warfarin: population based cohort study. BMJ. (2015) 350:h1857. doi: 10.1136/bmj.h1857

 35. Patel MR, Mahaffey KW, Garg J, Pan G, Singer DE, Hacke W, et al. Rivaroxaban versus warfarin in nonvalvular atrial fibrillation. N Engl J Med. (2011) 365:883–91. doi: 10.1056/NEJMoa1009638

 36. Granger CB, Alexander JH, McMurray JJ, Lopes RD, Hylek EM, Hanna M, et al. Apixaban versus warfarin in patients with atrial fibrillation. N Engl J Med. (2011) 365:981–92.

 37. McElnay JC, D'Arcy PF. Protein binding displacement interactions and their clinical importance. Drugs. (1983) 25:495–513. doi: 10.2165/00003495-198325050-00003

 38. Rolan PE. Plasma protein binding displacement interactions–why are they still regarded as clinically important? Br J Clin Pharmacol. (1994) 37:125–8. doi: 10.1111/j.1365-2125.1994.tb04251.x

 39. Bibi Z. Role of cytochrome P450 in drug interactions. Nutr Metab. (2008) 5:27. doi: 10.1186/1743-7075-5-27

 40. Glipizide oral drug facts comparisons. (2018). Available online at: https://fco.factsandcomparisons.com/lco/action/home (accessed March 2020). 

 41. Wei J, Karsenty G. An overview of the metabolic functions of osteocalcin. Rev Endocr Metab Disord. (2015) 16:93–8. doi: 10.1007/s11154-014-9307-7

 42. Booth SL, Centi A, Smith SR, Gundberg C. The role of osteocalcin in human glucose metabolism: marker or mediator? Nat Rev Endocrinol. (2013) 9:43–55. doi: 10.1038/nrendo.2012.201

 43. Zanatta LCB, Boguszewski CL, Borba VZC, Kulak CAM. Osteocalcin, energy and glucose metabolism. J Arquivos Brasileiros Endocrinol Metabol. (2014) 58:444–51. doi: 10.1590/0004-2730000003333

 44. Witt DM, Clark NP, Kaatz S, Schnurr T, Ansell JE. Guidance for the practical management of warfarin therapy in the treatment of venous thromboembolism. J Thromb Thrombol. (2016) 41:187–205. doi: 10.1007/s11239-015-1319-y

 45. M'Pembele R, Metzen D, Czychy N, Zako S, Mourikis P, Helten C, et al. Diabetes mellitus is not associated with enhanced bleeding risk in patients after percutaneous coronary intervention. Diabet Med. (2021) 38:e14532. doi: 10.1111/dme.14532

 46. Dannenberg L, Weske S, Kelm M, Levkau B, Polzin A. Cellular mechanisms and recommended drug-based therapeutic options in diabetic cardiomyopathy. Pharmacol Ther. (2021) 228:107920. doi: 10.1016/j.pharmthera.2021.107920

 47. Wolpert HA. Use of continuous glucose monitoring in the detection and prevention of hypoglycemia. J Diab Sci Technol. (2007) 1:146–50. doi: 10.1177/193229680700100126

 48. Snipelisky D, Kusumoto F. Current strategies to minimize the bleeding risk of warfarin. J Blood Med. (2013) 4:89–99. doi: 10.2147/JBM.S41404

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Alwafi, Wong, Naser, Banerjee, Mongkhon, Whittlesea, Alsharif and Wei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmed-09-893080-t002.jpg
Exposure group

Sulfonylurea + warfarin
(n=10,076)
Sulfonylurea only
(n=98,964)
Sulfonylurea + DOAC*
(n=1,045)
Sulfonylurea only*
(n="76,251)

*This analysis included individuals only from 2011 onward.

No. of event

578

7,307

14

4514

Person-years at risk, year

34422.40

526422.49

956.9

246345.6

IR, per 1,000 person-years (95% Cl)

16.7

13.8

16.0

Crude HR
(95% CI)

120
(1.10-1.30)

0.66
(039-1.11)





OPS/images/fmed-09-893080-t003.jpg
Exposure group No. of event Person-years at risk, year IR, per 1,000 person-years (95% Cl) Matched HR

(95% CI),
p-value
Sulfonylurea + warfarin 285 15959.04 17.8 1.38
(n=5379) (1.10-1.75)
Sulfonylurea only 304 21028.52 14.4 1.00
(n=5379)
Sulfonylurea + DOAC* 14 %422 14.8 054
(n=1,027) (0.27-1.10)
Sulfonylurea only* 60 25320 237 1.00
(n=1,027)

*This analysis included individuals only from 2011 onward.





OPS/images/fmed-09-893080-g003.gif
iRy






OPS/images/fmed-09-893080-t001.jpg
Variable Before propensity score matching After propensity score matching

No. (%) of participant No. (%) of participant
Sulfonylureas  Sulfonylureas  Crude  Sulfonylureas  Sulfonylureas  Matched
+ warfarin (n =98,964) AsD + warfarin (n=5379) ASD
(n=10,076) (n=5379)
Demographics
Age mean (SD) 733 (10.0 610(12.8) 0918 69.9(10.8) 700(11.8) 0054
Male, n (%) 6,918 (61.1) 63,965 (57.0) 0.083 3,114 (57.89) 3,041 (56.53) -0.027
8MI 0.087 0038
BMI <25 1,715 (15.5) 18,491 (16.5) - 877 (16.3) 923 (17.1) -
BMI 25-30 3,942 (34.8) 38,351 (34.2) - 1,837 (34.1) 1,894 (35.2) -
BMI > 30 5,665 (50.0) 55,341 (49.3) - 2,665 (49.5) 2,562 (47.6) -
Smoking 0228 0011
Non-smokers 10,068 (88.9) 90,649 (80.8) - 4,673 (86.8) 4,652 (86.4) -
Smokers 1,254 (11.0) 21,534 (19.2) - 706 (13.3) 727 (13.5) -
Alcohol 0035 0006
Non-dinker 3,604 (31.8) 33,899 (30.2) = 1,740 (32.9) 1,757 (32.6) e
Drinker 7.718(68.2) 78,284 (69.8) - 3,639 (67.7) 3,622 (67.3) -
Townsend 0053 0036
1 (least deprived) 2,026 (20.1) 19,174 (19.4) - 1,075 (19.9) 1,021 (19.0) -
2 2,140 212) 19,555 (19.7) - 1,091 20.3) 1,057 (19.6) -
3 2,168 (21.6) 21,773 (22.0) - 1,149 (21.4) 1,208 (22.4) -
4 2,167 215) 21,523 (21.7) . 1,199 22.9) 1,222 (22.7) -
5 (most deprived) 1,575 (15.6) 16,989 (17.2) - 865 (16.0) 876 (16.9) -
‘Comorbid conditions, n (%)
CvDs 1,670 (14.7) 5,089 (4.5) 0353 684 (12.7) 656 (12.2) 0016
Hypertension 7,693 (68.0) 56,550 (50.4) 0363 3,399 (63.2) 3,370 (62.6) 0011
Stroke/TIA 2,154 (19.0) 6,429(5.7) 0412 838 (15.6) 866 (16.1) -0014
Bleeding 2,112 (18.6) 15,302 (13.6) 0.187 1,009 (18.7) 970 (18.0) 0019
Hyperlipideia 2,652 (23.4) 19,747 (17.6) 0.144 1,187 (22.0) 1,194 (22.2) ~0.003
AF 6,952 (61.4) 1,973(1.8) 1673 1,862 (34.6) 17,50 (32.5) 0.044
ovT 2,403 (21.2) 2,300 (2.0) 0627 1,453 (27.0) 1,671 (29.2) -0.049
Chronic Kidney disease 3,016 (26.6) 10,991 (9.8) 0.447 1,099 (20.4) 1,105 (20.5) -0003
coPD 1,208 (10.7) 5,081 (4.5) 0233 481(0.0) 518(9.6) -0.024
Hyperglycemia 422(3.7) 3,451 (3.0) 0.036 212(3.9) 216(4.0) -0.004
Liver diseases 59(0.5) 678(0.6) 0011 36(0.7) 49(0.9) -0.027
Depression 2,323 (205) 25,984 (23.1) 0.063 1,202 (22.9) 1,254 (23.9) -0.023
Aniety 1,542 (13.6) 17,554 (15.6) 0.057 811(15.0) 843(15.7) 0017
Baseline medication use, n (%)
Aspirin use 4,264 (37.6) 34,078 (31.8) 0.137 2,223 (41.3) 2,480 (46.1) -0.096
Antiplatelet drugs use 716 (6.3) 3,636 (3.2) 0.145 368 (6.8) 394 (7.3) 0019
Beta blockers use 5,264 (46.5) 28,663 (21.0) 0558 1,943 (36.1) 36.12(38.8) —0.055
ACEs /ARBS use 8,061 (71.2) 50,245 (44.8) 0555 3,337 (62.0) 3328(61.9) 0003
Corticosteroids use 1,276 (11.2) 6,854 (6.1) 0.184 578 (10.7) 616 (11.4) -0.022

Muliple antidiabetic medications use (intensification) 7,705 (68.0) 76,835 (68.5) 0.009 3,559 (66.1) 3,425 (63.7) 0052





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Concurrent Use of Oral Anticoagulants and Sulfonylureas in Individuals With Type 2 Diabetes and Risk of Hypoglycemia: A UK Population-Based Cohort Study



		Background



		Research Design and Methods



		Study Design



		Data Source



		Study Cohort



		Exposure Definition



		Study Outcomes



		Study Covariates



		Propensity Score Matching



		Statistical Analysis



		Sensitivity Analysis



		Patient and Public Involvement



		Data and Resource Availability







		Results



		Individuals' Characteristics



		Hypoglycemia



		Warfarin With Sulfonylureas vs. Sulfonylureas



		DOACs With Sulfonylureas vs. Sulfonylureas









		Propensity Score Matched Analysis



		Warfarin With Sulfonylureas vs. Sulfonylureas



		DOACs With Sulfonylureas vs. Sulfonylureas









		Sensitivity Analysis







		Discussion



		Comparison With Other Studies



		Potential Mechanisms



		Meaning of the Study



		Implication of the Study



		Strengths and Limitations of the Study







		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Concurrent Use of Oral
Anticoagulants and Sulfonylureas in
Individuals With Type 2 Diabetes
and Risk of Hypoglycemia: A UK
Population-Based Cohort Study





OPS/images/fmed-09-893080-g001.gif
) s v i 2500
e e ot v o T
e sl
T g T o
=y bz
e T T
TR Ry

PR





OPS/images/fmed-09-893080-g002.gif
o









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Medicine





