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ABSTRACT

BACKGROUND AND AIMS

Mineralocorticoid receptor antagonists (MRAs) reduce mortality and hospitalisation in heart failure
with reduced ejection fraction (HFrEF) but are underused, despite recommendation in key guidelines.
Identifying the factors contributing to underuse and addressing adherence are key components of a
learning health system. We aimed to evaluate MRA prescription in people with HFrEF who would

benefit, based on the UK National Institute for Health and Care Excellence (NICE) HFrEF guideline.

METHODS

We used clinical code lists were used to identify people with HFrEF in primary care electronic health
record (EHR) data from The Health Improvement Network (THIN) database. For each calendar year
2014 to 2020, we identified individuals who met the NICE guideline criteria for MRA therapy. We fitted

mixed effects logistic regression models to determine the factors contributing to MRA prescription.

RESULTS

Among 24,135 people with HFrEF studied between 2014 to 2020, 12,150 person-years were eligible
for MRA treatment. The MRA prescription rate increased from 41 to 55%. MRA prescription was
inversely associated with age (odds ratio per one standard deviation, 95% confidence interval) (0.02
[0.01, 0.03]), increasing GFR (0.37 [0.25, 0.55]), hypertension (0.21 [0.40, 0.78]), and prescription of
anti-hypertensives (0.03 [0.02, 0.07]). MRA prescription was associated with male gender (6.31 [3.20,
12.4]), dilated cardiomyopathy (25.9 [7.48, 89.4]), calendar year (2.17 [1.85, 2.54] per year after study

start), and prescription of sacubitril/valsartan (214 [56, 823]).

CONCLUSIONS

MRAs are underused in people with HFrEF in the UK. Although prescribing increased between 2014
and 2020, half of the cohort still did not receive the therapy. Older age, gender, co-morbidities, and
co-prescriptions were linked to MRA underuse. Understanding the factors contributing to under-

prescribing at a population level should be used to inform quality improvement strategies.
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KEY LEARNING POINTS

WHAT IS ALREADY KNOWN ON THIS TOPIC

Mineralocorticoid receptor antagonists (MRA), such as spironolactone, are under-prescribed
in people with heart failure with reduced ejection fraction (HFrEF), despite evidence of
efficacy.

This study aimed to quantify to quantify adherence to guideline-directed MRA prescription in

patients with HFrEF and identify factors contributing to MRA under-prescription.

WHAT THIS STUDY ADDS

This study used electronic health records (EHR) to characterise HFrEF at a national scale and
assess guideline-directed treatment.

Population-scale audits can be implemented retrospectively, using EHR data to evaluate
adherence to clinical practice guidelines.

Older age is associated with MRA under-prescribing.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR POLICY

At relatively low cost, national audit of electronic health records could be applied across

treatment areas, providing insights into guideline-directed treatment.



INTRODUCTION

Heart failure (HF) is a clinical syndrome with current or prior symptoms and signs caused by
intravascular fluid overload, associated with structural or functional abnormalities of heart function
(1). The ESC long-term registry estimates that 60% of people with HF have left ventricular impairment
and reduced left ventricular ejection fraction, termed HF with reduced ejection fraction (HFrEF) (2).
Despite sustained progress in the management of HFrEF, mortality remains high in real-world cohorts
(3). In a UK observational study, the 5-year mortality for HF was 45%, improving by 5% between 2000
and 2017 (4). The prevalence of HFrEF is estimated to be 5-10% in individuals over 70 years old (5).
The management of HF in the older population is complicated by the co-occurrence of
cardiometabolic disorders, including atrial fibrillation, chronic kidney disease, hypertension, and

diabetes (6).

Mineralocorticoid receptor antagonist (MRA) treatment demonstrates symptomatic and survival
benefits (7,8) and is cost-effective (9) . The UK National Institute for Health and Care Excellence (NICE)
guideline on the management of chronic HF recommends MRA therapy for people treated with an
angiotensin converting enzyme inhibitor (ACEi) or angiotensin receptor blocker (ARB) (renin
angiotensin system inhibitor: RASi) and beta blocker with ongoing HF symptoms. In the European
context, the 2021 European Society of Cardiology (ESC) guidelines recommend use of a RASi, beta
blocker, and MRA in all people with HFrEF (1). Importantly, the MRA treatment effect is maintained in

older age groups, although the risk of reduced renal clearance is greater in older people (10).

Treatment based on HF guidelines leads to improved HF survival (11), yet global evidence indicates
that MRAs are under-prescribed in people with HFrEF (12—14). In the UK, the Department for Health
reported under-prescribing and regional variation in the use of neurohormonal treatments for HFrEF
(15). Following the RALES RCT, there were concerns about MRA adverse events (16). However,
subsequent work has argued that MRA therapy is significantly underused, particularly in those with

moderately reduced renal clearance or trivial hyperkalaemia (17).



This study aimed to investigate prescribing patterns using national-scale real world data. We
hypothesised that MRA therapy would be underused in eligible people, and that individual-level
factors would be associated with MRA prescription. Following an audit against national treatment
guidelines, we sought to identify factors contributing to under-prescribing. We found evidence of MRA

under-prescribing and uncovered explanatory patterns, demonstrating the value of this approach.



METHODS

DATA SOURCE

The Health Improvement Network (THIN) Database (a Cegedim Proprietary Database) is a UK primary
care research database of primary care electronic health records since 1994. The data includes the
demographics, clinical events (diagnoses, symptoms), test results, and prescription data of around 20
million people across the UK. The dataset has been shown to be representative of the wider UK

population (18), and appropriate for studies of prescription use (19).

ETHICAL APPROVAL

THIN has database-wide ethical approval for purely observational studies conducted using THIN data
(South Central — Oxford C Research Ethics Committee 20/SC/0011). This study was approved by the

THIN Scientific Review Committee (protocol 20-005).

STUDY COHORT

The study cohort included people actively registered with a participating general practice during the
study period. The data extract date was “2020-07-29”. For an individual to have adequate data quality,
the definition was one year after the first contact date or the start date of data collection and the
earlier of the last contact date or the end of data collection. All people included in the study cohort
had a diagnosis of HFrEF, determined using Read code lists for heart failure, left ventricular
impairment, and dilated cardiomyopathy (Supplemental Material). This was aligned with the NICE
CG108 indication for MRA: “Heart failure due to left ventricular systolic dysfunction (LVSD)”. An LVEF
threshold was not stated (20). The unit of analysis was one person with HFrEF in a one-year period

(‘person-year’).

PHENOTYPING ALGORITHMS

We used validated clinical phenotypes represented as lists of Read codes for diagnoses and clinical
findings from the HDR UK phenotype library, updating code lists where necessary (21). Phenotypes

included acute coronary syndrome (ACS), unstable angina, stable angina, percutaneous coronary



intervention (PCl), coronary artery bypass grafting (CABG), myocardial infarction (Ml), hypertension,
diabetes, renal disease, HF symptoms, left ventricular dysfunction, and dilated cardiomyopathy
(DCM). Medication data was extracted by Anatomical Therapeutic Chemical (ATC) class:
antihypertensives (C02: antihypertensive drugs including alpha-adrenoreceptor antagonists, C08:
dihydropyridine and non-dihydropyridine calcium channel blockers), beta blockers (C07), ACE
inhibitors / ARB (C09), diuretics (C03), patiromer (VO3AE09), sacubitril/valsartan (CO9DX04), and

SGLT2 inhibitors (A10BK).

MRA ELIGIBILITY

Eligibility for MRA was derived from the NICE guideline CG108 “Chronic heart failure: Management of
chronic heart failure in adults in primary and secondary care”, published in 2010, in which MRA are a
second line treatment for HFrEF, after first line treatment with a beta blocker and a RASi (20). NICE
guidance CG108 was replaced by NG106 in 2018, but the criteria for MRA eligibility were unchanged
(22). The algorithm implemented in this study was the prescription of an ACE inhibitor or ARB and the
prescription of a beta blocker, ongoing heart failure symptoms (breathlessness or prescription of a
diuretic) (Supplemental Materials) or myocardial infarction in the preceding 3 months. The exclusions
from MRA prescription were based on prescribing guidelines. Exclusions were any single serum
potassium value greater than 5.0 mmol/L in the preceding 12 months due to the risk of treatment-
related hyperkalaemia, recorded MRA allergy, and any single glomerular filtration rate value (GFR)
less than 30 mL/min/1.73m?in the preceding 12 months. Missing GFR values were carried forward

within each person.

PRIMARY OUTCOME

The audit outcome was the proportion (95% confidence interval) of MRA-eligible people with an active

MRA prescription during each year-long time period.



STATISTICAL ANALYSIS

Continuous variables (sodium, potassium, systolic blood pressure, diastolic blood pressure, and GFR)
were mean aggregated by person-year. GFR was discretised into GFR groups G1-G3 (>90, 60-90, 30-
60 mL/min/1.73m?). In a data quality assessment, erroneous values were excluded outside the ranges:
sodium 100-180 mmol/L (0.041%), potassium 2.0-10.0 mmol/L (0.058%), and GFR 0-200

mL/min/1.73m? (0.082%). We calculated eGFR using the four-variable modified MDRD formula (23).

MISSING VALUES

Alcohol, BMI, ethnicity, and smoking status were dropped due to a high proportion of missingness.
The remaining categorical variables were complete. Numerical variables with a lower level of
missingness (10-15%) (blood pressure, potassium, sodium) were imputed with person-level mean

imputation, except for missing GFR values which were carried forward within each person.

MIXED EFFECTS LOGISTIC REGRESSION MODELS

Regression model variables included the time period, demographics (age and gender), laboratory
values (sodium, potassium, and GFR), blood pressure (systolic and diastolic), and co-morbidities (ACS,
CABG, diabetes, DCM, hypertension, MI, PCl, renal disease, stable angina, and unstable angina).
Ischaemic heart disease (IHD) was defined as individuals with any of CABG, M, PCl, stable angina, or
unstable angina. Continuous variables were centred and scaled to one standard deviation. Time period

and GFR were modelled both as continuous and discrete variables to assess non-linearity.

Mixed effects logistic regression models with a random intercept (univariable, and multivariable) were
fitted using the R package ‘Ime4’, accounting for repeated measures within patients. The intra-class
correlation coefficient (ICC) was calculated to validate the use of a mixed model with a random
intercept, meaning observations within the same patient are more similar than those from different
patients. The ICC value of the null model with random intercept was 0.88, strongly supporting the
inclusion of the random intercept. The variance inflation factor (VIF) was calculated to assess

collinearity, quantifying if the regression coefficient standard errors were inflated by collinearity, using



the R package ‘performance’. Results were presented as odds ratios (95% Cl) and corresponding P

value for the null hypothesis of zero effect size.

A LASSO variable selection strategy was used to build the multivariable model. Blood pressure, serum
sodium and serum potassium were not included in the multivariable model due to reverse causation.
The LASSO logistic regression models were fitted to ten random samples of the longitudinal dataset
stratified by participant. The optimal set of regression variables was determined by ten-fold cross-
validation, as all variables selected at least once at the LASSO penalty “lambda-1SE”, the highest

penalty value within one standard error of the best model fit.

POTASSIUM BINDERS

We modelled the potential for the use of potassium binders (such as patiromer or sodium zirconium
cyclosilicate) to facilitate MRA therapy in those who would benefit but with potassium at least 6

mmol/L (see NICE TA599 and TA623).

PATIENT AND PUBLIC INVOLVEMENT

Patients and the public were not involved in the design or conduct of this study.



RESULTS

THE COHORT ELIGIBLE FOR MRA PRESCRIPTION

Of 24,135 people with HFrEF during the study period, the cohort eligible for MRA prescription was
selected using an algorithm derived from NICE guideline CG108 (Fig. 1). The algorithm required
prescription of a RASi and a beta blocker, recent heart failure symptoms or recent prescription of a
diuretic, serum potassium < 5.0 mmol/L and GFR > 30 mL/min/1.73m?in the preceding year, and no
allergy to MRAs. The cohort eligible for MRA prescription included 6,483 individuals and 12,150
person-years across the six time periods. The median age was 73 years (IQR: 65 to 81 years), and the
proportion of females was 30% (Table 1). The mean count of observation years per person was 1.87
(SD: 1.21, range 1-6). Geographical coverage represented the UK (England 41%, Northern Ireland:

4.7%, Scotland: 31%, Wales: 24%).

AUDIT OF MRA PRESCRIPTION

In the MRA-eligible cohort, 49.9% were prescribed MRA therapy (Table 1). Over the study time period,
prescription of MRA therapy increased significantly from 41% [95% Cl: 39%, 43%] to 57% [55%, 60%]

(Fig. 2).

REGRESSION MODELS OF MRA PRESCRIPTION

We determined the factors affecting MRA prescription in people who would benefit. The sample size
for the regression models was 11,085 person-years. Significant negative associations with MRA
prescription were demonstrated for age (0.02 [95% Cl: 0.01, 0.03]), blood pressure (SBP 0.24 [0.21,
0.29] and DBP 0.61 [0.53, 0.70]), hypertension (0.07 [0.03, 0.14]), LV impairment (0.04 [0.01, 0.13]),
prescription of anti-hypertensives (0.02 [0.01, 0.04]), and serum sodium (0.29 [0.24, 0.35]) (Fig. 3;
Table 2). Significant positive associations were demonstrated for dilated cardiomyopathy (DCM) (107
[48.9, 232]), male gender (15.3 [7.21, 32.4]), serum potassium (3.71 [3.12, 4.41]), prescription of

sacubitril/valsartan (230 [108, 490]), and progressive time period. The discrete time period variable
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demonstrated that the effect of progressive time period was linear (Fig. 3), and therefore the

continuous time period variable was used in subsequent analyses.

We sought to model the multiple factors driving MRA prescribing, so fitted a multivariable regression
model. We selected variables using a LASSO regression approach and assessed for problematic co-
linearity (Supplemental Material). The multivariable model demonstrated inverse associations with
MRA prescription for age (0.02 [0.01, 0.03]), prescription of anti-hypertensives (0.03 [0.02, 0.07]),
hypertension (0.21 [0.40, 0.78]), and increasing GFR (0.37 [0.25, 0.55]). Significant associations with
MRA prescription included prescription of sacubitril/valsartan (214 [56, 823]), DCM (25.9 [7.48, 89.4]),

male gender (6.31 [3.20, 12.4]), and progressive year (2.17 [1.85, 2.54]) (Fig. 4; Table 3).

POTASSIUM BINDERS

Using the NICE recommended eligibility criteria for patiromer and sodium zirconium cyclosilicate (NICE
TA599 and TA623), we modelled the potential use of patiromer in those who would benefit but have
hyperkalaemia of at least 6.0 mmol/L (Supplemental Materials). Over the study period, a total of 114
participants were eligible for patiromer in a year period, compared to 12,150 eligible for MRA with

potassium less than 5.0 mmol/L.

DISCUSSION

This study evaluated the use of a guideline-directed medical therapy in a cohort of people with HFrEF

using electronic health records at a national scale.

We studied MRA prescription in 6,483 people with HFrEF who would benefit from MRA therapy across
six years, computing eligibility for MRA therapy based on NICE HF guidelines. From 2014-2019, MRA
prescription increased from 41% to 57%. We discovered factors associated with MRA prescription
including age, gender, co-morbidity (hypertension, chronic kidney disease, and DCM), and co-

prescriptions (sacubitril/valsartan and anti-hypertensives).
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In a recent national study of hospitalised heart failure patients, the proportion of people with HFrEF
who were discharged with an MRA prescription was above 50% in 2019, in agreement with this study

(24), with the proportion rising to above 60% in 2022.

The UK National Heart Failure Audit (NHFA) includes only patients with an acute hospital admission,
whereas our study includes all those known to primary care, who may not have a hospital admission.
It can be expected that patients with an acute hospital admission and secondary care input are not
the same as those without an acute hospital admission. Electronic health record studies have shown
that 26% of people with HF are known only to primary care, 34% are known only to hospital, 27% are
known to both, and the remainder only on a death certificate (25). Therefore, both hospital and
primary care studies will be required for the purpose of auditing clinical practice. The NHFA has shown
increasing MRA prescription between 2014 and 2020 (26), rising more in those with specialist input
(55% to 65%) compared to those without specialist input (35% to 40%). Triple therapy of RASi, beta
blocker, and MRA was used in 55% (specialist input) and 25% (no specialist input) of people with HFrEF.
The NHFA found that “older patients are less likely to access diagnostics, life-saving drugs and
specialist care” and that “access to diagnostics, cardiology care and cardiology beds needs to improve
for females” (26). This study complements the NHFA in two ways. The primary care focus of this study
complements the selection effect of the NHFA inpatient hospital cohort. Secondly, the use in this study
of NICE guideline CG108 to identify those who would benefit from MRA therapy provides a stronger
basis to assess under-prescribing. Using this approach, factors associated with MRA under-use can

inform a strategy to improve guideline-directed prescribing in under-treated groups.

Contemporary work has shown that serious hyperkalaemia is rare in the MRA-treated group, and that
hypokalaemia is a common problem in the study cohort, which is well-treated with MRA therapy (27).
In the case where significant hyperkalaemia limits MRA prescription, potassium-lowering therapies
can be considered. Patiromer and sodium zirconium cyclosilicate are approved for use in people

eligible for MRA therapy but with hyperkalaemia above 6.0 mmol/L (28). We demonstrated that
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individuals can be identified algorithmically from primary care data, and found a modest number who

might benefit from this approach.

Older age is associated with reduced MRA therapy (12,14) with ‘avoidable undertreatment’ and fewer
hospital visits (13). In this study, older age was strongly associated with MRA underuse. Meta-analysis
of MRA RCTs has shown equal effectiveness for hospitalisation and CVD death in older people, albeit
with a greater drop in renal clearance on MRA therapy (10). Factors contributing to under-prescribing
are likely to be clinical concerns about deterioration of renal function, frailty, polypharmacy, postural

hypotension, and monitoring requirements.

Male gender was associated with increased MRA prescription. The 2022 NHFA found that female
people with HFrEF were less likely to have an MRA prescription (26). International studies have found

contrasting evidence with lower prescription (13) and higher (12) rates in male people.

Prescription of sacubitril/valsartan was strongly associated with MRA prescription, and likely indicates
secondary care input, which is associated with greater MRA prescription (26). Thus,
sacubitril/valsartan prescription represents the unmeasured confounder, specialist input. In a Swedish
study, patients with HFrEF eligible for MRA prescription but untreated were unlikely to have specialist
cardiology follow up (17). Thus, targeted specialist input for those in groups of MRA under-use may

improve treatment disparity.

Moderately reduced renal clearance was associated with higher MRA prescription in this study of
people with an GFR > 30 mL/min/1.73m2. Acutely, MRA prescription leads to a modest decrease in
renal clearance but multiple RCTs show no long-term effect (29). It may be that renal clearance is
moderately reduced by MRA prescription (reverse causation) or that greater HF severity is a common

cause of MRA prescription and prescription of diuretics, leading to reduced renal clearance.

A coded diagnosis of hypertension and the prescription of anti-hypertensive drugs (other than
ACEi/ARB and beta blockers, which were prescribed in all patients) were associated with lower MRA

prescription. Studies have shown that spironolactone is an effective antihypertensive drug (30) and,
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for those developing HFrEF, switching to spironolactone should be considered. Lower BP predicts
worse outcomes and is associated with higher NYHA severity, lower renal clearance, and lower
ejection fraction (31,32). HF severity may be the driver of MRA prescription, possibly linked to
specialist care. Male gender, a negative prognostic factor in HF prediction algorithms, was also linked

to higher MRA prescription.

STRENGTHS AND LIMITATIONS

The findings from this study are strengthened by several factors. The study cohort is representative of
people with HFrEF across UK geography. Routinely collected primary care data mitigates the selection
bias induced by the inclusion of only hospital treated patients. Both factors support the generalisability
of the findings. However, this dataset was not linked to secondary care data, and so the findings are

limited to the group known to primary care.

This study used a treatment eligibility algorithm that mirrors national guidelines. Thus, the findings
are directly relevant and applicable to UK practice. This study did not have access to free text GP
clinical notes, and so was not able to report on appropriate clinical reasons for non-prescription of

MRA, which may be recorded in the clinical notes.

Diagnosis codes for HF in primary care records may not specify the subtype of HF, which complicates
HFrEF cohort selection. However, using the same dataset as this study, Sundaram and colleagues
validated an approach to HFrEF cohort identification using a combination of HFrEF codes and the
prescription of two classes of guideline directed medical therapy (33). We recognise that the HFrEF
phenotyping procedure is vulnerable to false negatives, to be balanced against the importance of the

positive predictive value of HFrEF case ascertainment.

CLINICAL IMPLICATIONS

This study complements the UK National Heart Failure Audit, bringing a primary care perspective and
focusing on guidelines-directed MRA prescribing (26). With six years of longitudinal clinical data (2014-

2020), this study provides more than a snapshot of HF care.
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To improve guideline-directed MRA prescription, we must understand the factors driving lower use.
Prescribing in older age and female gender should be supported, and specialist input is likely to

improve appropriate MRA prescription.

There is potential to use potassium-lowering therapies (oral potassium binders) to enable MRA
prescription in those with moderate hyperkalaemia, however the number of people with HFrEF

meeting these criteria in routine clinical practice remains low.

FUTURE DIRECTIONS

Understanding the factors contributing to prescribing using real world data could improve adherence
to guideline-directed therapy and target improvement resources. In a learning health system, data-
driven tools, including computable guidelines, could support guideline-directed treatment (34) and be
extended to other therapeutic areas. Initiatives to represent clinical practice guideline
recommendations in computable formats have the potential to help address the challenges and
potential biases in prescribing that are identified in this study. Computable representations enable the
faithful translation of guideline recommendations into clinical decision support tools and provide data

standards that inform audit and quality initiatives.

In conclusion, in this UK national audit of MRA prescribing in people with HFrEF, MRA prescription
increased over the study period, but remained below the target. Major factors affecting prescribing
were older age, gender, co-morbidities, and co-prescriptions. Evaluating the factors contributing to

under-prescribing points to how to improve care, in the context of clinical complexity.

15



ACKNOWLEDGEMENTS

This work uses data provided by people with HF and collected by the NHS as part of their care and
support. The authors acknowledge the assistance of Dionisio Acosta-Mena with data extraction, and

the contribution of Eny Astuti to the design of the study.

FUNDING

RTL is supported by the National Institute for Health Research University College London Hospitals
Biomedical Research Centre and British Heart Foundation Accelerator, University College London. YC
is supported by the National Institute for Health Research University College London Hospitals
Biomedical Research Centre (award: NIHR-INF-1873) and by the UCLH/UCL BRC Clinical and Research
Informatics Unit. ADS is funded by EPSRC (EP/Y018087/1), UKRI (Horizon Europe Guarantee for

DataTools4Heart) and British Heart Foundation Accelerator Award (AA/18/6/24223).

CONFLICT OF INTEREST

RTL has received research grant support from Pfizer ltd and received research support for FITFILE and

LumenHealth for advisory work.

DATA AVAILABILITY STATEMENT

This study uses individual patient data from general practice records, and access to data is therefore
restricted. Access to the structured data for research from the THIN database can be sought from The
Health Improvement Network Ltd. (a Cegedim company). Applications need to be approved by the

THIN Scientific Review Committee.

16



REFERENCES

10.

11.

12.

McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Bohm M, et al. 2021 ESC Guidelines
for the diagnosis and treatment of acute and chronic heart failure: Developed by the Task Force
for the diagnosis and treatment of acute and chronic heart failure of the European Society of
Cardiology (ESC) With the special contribution of the Heart Failure Association (HFA) of the ESC.
European Heart Journal. 2021 Sep 21;42(36):3599-726.

Chioncel O, Lainscak M, Seferovic PM, Anker SD, Crespo-Leiro MG, Harjola VP, et al. Epidemiology
and one-year outcomes in patients with chronic heart failure and preserved, mid-range and
reduced ejection fraction: an analysis of the ESC Heart Failure Long-Term Registry. Eur J Heart Fail.
2017 Dec;19(12):1574-85.

Heiat A, Gross CP, Krumholz HM. Representation of the elderly, women, and minorities in heart
failure clinical trials. Arch Intern Med. 2002 Aug 12;162(15):1682-8.

Taylor CJ, Ordéiiez-Mena JM, Jones NR, Roalfe AK, Lay-Flurrie S, Marshall T, et al. National trends
in heart failure mortality in men and women, United Kingdom, 2000-2017. Eur J Heart Fail. 2021
Jan;23(1):3-12.

van Riet EES, Hoes AW, Wagenaar KP, Limburg A, Landman MAJ, Rutten FH. Epidemiology of heart
failure: the prevalence of heart failure and ventricular dysfunction in older adults over time. A
systematic review. Eur J Heart Fail. 2016 Mar;18(3):242-52.

Conrad N, Judge A, Tran J, Mohseni H, Hedgecott D, Crespillo AP, et al. Temporal trends and
patterns in heart failure incidence: a population-based study of 4 million individuals. The Lancet.
2018 Feb;391(10120):572-80.

Zannad F, McMurray JJV, Krum H, van Veldhuisen DJ, Swedberg K, Shi H, et al. Eplerenone in
patients with systolic heart failure and mild symptoms. N Engl J Med. 2011 Jan 6;364(1):11-21.

Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A, et al. The effect of spironolactone on
morbidity and mortality in patients with severe heart failure. Randomized Aldactone Evaluation
Study Investigators. N Engl J Med. 1999 Sep 2;341(10):709-17.

McKenna C, Burch J, Suekarran S, Walker S, Bakhai A, Witte K, et al. A systematic review and
economic evaluation of the clinical effectiveness and cost-effectiveness of aldosterone
antagonists for postmyocardial infarction heart failure. Health Technol Assess. 2010
May;14(24):1-162.

Ferreira JP, Rossello X, Eschalier R, McMurray JJV, Pocock S, Girerd N, et al. MRAs in Elderly HF
Patients: Individual Patient-Data Meta-Analysis of RALES, EMPHASIS-HF, and TOPCAT. JACC Heart
Fail. 2019 Dec;7(12):1012-21.

Komajda M, Cowie MR, Tavazzi L, Ponikowski P, Anker SD, Filippatos GS, et al. Physicians’ guideline
adherence is associated with better prognosis in outpatients with heart failure with reduced
ejection fraction: the QUALIFY international registry. Eur J Heart Fail. 2017 Nov;19(11):1414-23.

Ferreira JP, Rossignol P, Machu JL, Sharma A, Girerd N, Anker SD, et al. Mineralocorticoid receptor

antagonist pattern of use in heart failure with reduced ejection fraction: findings from BIOSTAT-
CHF. Eur J Heart Fail. 2017 Oct;19(10):1284-93.

17



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Savarese G, Carrero JJ, Pitt B, Anker SD, Rosano GMC, Dahlstrom U, et al. Factors associated with
underuse of mineralocorticoid receptor antagonists in heart failure with reduced ejection
fraction: an analysis of 11 215 patients from the Swedish Heart Failure Registry. Eur J Heart Fail.
2018 Sep;20(9):1326-34.

Bayoumi E, Lam PH, Dooley DJ, Singh S, Faselis C, Morgan CJ, et al. Spironolactone and Outcomes
in Older Patients with Heart Failure and Reduced Ejection Fraction. Am J Med. 2019 Jan;132(1):71-
80.el.

Department of Health Cardiovascular Disease Team. Cardiovascular Disease Outcomes: Strategy
Improving outcomes for people with or at risk of cardiovascular disease [Internet]. 2013 Mar
[cited 2022 Dec 14]. Available from:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_dat
a/file/217118/9387-2900853-CVD-Outcomes_web1.pdf

Bozkurt B, Agoston |, Knowlton AA. Complications of inappropriate use of spironolactone in heart
failure: when an old medicine spirals out of new guidelines. ] Am Coll Cardiol. 2003 Jan
15;41(2):211-4.

Jonsson A, Norberg H, Bergdahl E, Lindmark K. Obstacles to mineralocorticoid receptor
antagonists in a community-based heart failure population. Cardiovasc Ther. 2018
Oct;36(5):e12459.

Blak B, Thompson M, Dattani H, Bourke A. Generalisability of The Health Improvement Network
(THIN) database: demographics, chronic disease prevalence and mortality rates. jhi. 2011 Jul
1;19(4):251-5.

Smeeth L, Douglas I, Hall AJ, Hubbard R, Evans S. Effect of statins on a wide range of health
outcomes: a cohort study validated by comparison with randomized trials. British Journal of
Clinical Pharmacology. 2009;67(1):99-109.

NICE. CG108 Chronic heart failure: NICE guideline [Internet]. NICE; [cited 2025 Feb 20]. Available
from:
https://webarchive.nationalarchives.gov.uk/ukgwa/20140504143031mp_/http://publications.ni
ce.org.uk/chronic-heart-failure-cg108

HDR UK Phenotype Library [Internet]. [cited 2023 Aug 2]. Available from:
https://phenotypes.healthdatagateway.org/

National Institute for Health and Care Excellence. Chronic heart failure in adults: diagnosis and
management [NICE NG106] [Internet]. 2018 [cited 2022 Nov 30]. Available from:
https://www.nice.org.uk/guidance/ngl06

Levey AS, Coresh J, Greene T, Stevens LA, Zhang YL, Hendriksen S, et al. Using standardized serum
creatinine values in the modification of diet in renal disease study equation for estimating
glomerular filtration rate. Ann Intern Med. 2006 Aug 15;145(4):247-54.

Fletcher RA, Rockenschaub P, Neuen BL, Walter 1), Conrad N, Mizani MA, et al. Contemporary
epidemiology of hospitalised heart failure with reduced versus preserved ejection fraction in
England: a retrospective, cohort study of whole-population electronic health records. The Lancet
Public Health. 2024 Nov 1;9(11):e871-85.

18



25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Koudstaal S, Pujades-Rodriguez M, Denaxas S, Gho JMIH, Shah AD, Yu N, et al. Prognostic burden
of heart failure recorded in primary care, acute hospital admissions, or both: a population-based
linked electronic health record cohort study in 2.1 million people: Prognosis of HF recorded in
primary care, acute HF admissions, or both. Eur J Heart Fail. 2017 Sep;19(9):1119-27.

National Cardiac Audit Programme. National Heart Failure Audit (NHFA) 2022 Summary Report
[Internet]. Healthcare Quality Improvement Partnership (HQIP); 2022. Available from:
https://www.hgip.org.uk/wp-content/uploads/2022/06/NHFA-DOC-2022-FINAL.pdf

Vaduganathan M, Filippatos G, Claggett BL, Desai AS, Jhund PS, Henderson A, et al. Finerenone in
Heart Failure and Chronic Kidney Disease with Type 2 Diabetes: the FINE-HEART pooled analysis
of cardiovascular, kidney, and mortality outcomes. Nat Med. 2024 Sep 1;1-1.

National Institute for Health and Care Excellence. Patiromer for treating hyperkalaemia [NICE
TA623]. 2020.

Vaduganathan M, Ferreira JP, Rossignol P, Neuen BL, Claggett BL, Pfeffer MA, et al. Effects of
steroidal mineralocorticoid receptor antagonists on acute and chronic estimated glomerular
filtration rate slopes in patients with chronic heart failure. Eur J Heart Fail. 2022 Sep;24(9):1586—
90.

Williams B, MacDonald TM, Morant S, Webb DJ, Sever P, Mclnnes G, et al. Spironolactone versus
placebo, bisoprolol, and doxazosin to determine the optimal treatment for drug-resistant
hypertension (PATHWAY-2): a randomised, double-blind, crossover trial. The Lancet. 2015 Nov
21;386(10008):2059-68.

Serenelli M, Jackson A, Dewan P, Jhund PS, Petrie MC, Rossignol P, et al. Mineralocorticoid
Receptor Antagonists, Blood Pressure, and Outcomes in Heart Failure With Reduced Ejection
Fraction. JACC Heart Fail. 2020 Mar;8(3):188-98.

Di Tanna GL, Wirtz H, Burrows KL, Globe G. Evaluating risk prediction models for adults with heart
failure: A systematic literature review. PLoS One. 2020 Jan 15;15(1):e0224135.

Sundaram V, Zakeri R, Witte KK, Quint J kathleen. Development of algorithms for determining
heart failure with reduced and preserved ejection fraction using nationwide electronic healthcare
records in the UK. Open Heart. 2022 Nov 1;9(2):e002142.

ChenY, Harris S, Rogers Y, Ahmad T, Asselbergs FW. Nudging within learning health systems: next

generation decision support to improve cardiovascular care. European Heart Journal. 2022 Apr
1;43(13):1296-306.

19



TABLES

TABLE 1.

Cohort characteristics. N = 12,150 person-years (6,483 individuals) were eligible for mineralocorticoid
receptor antagonist prescription. BMI: body mass index, BP: blood pressure, GFR: glomerular filtration

rate, LV: left ventricle. Median (IQR); n (%).

Variable MRA not prescribed | MRA prescribed Total

n 6,090 (50.1%) 6,060 (49.9%) 12,150
Age (years) 76 (68, 83) 70 (61, 78) 73 (65, 81)
Alcohol consumption 7 (2, 14) 8 (3, 14) 7(2,14)

(units per week)

Missing (n) 4,979 (82%) 5,007 (83%) 9,986 (82%)
BMI (kg/m?) 29 (25, 33) 30 (26, 34) 29 (26, 34)
Missing (n) 2,258 (37%) 2,231 (37%) 4,489 (37%)
BP: diastolic (mmHg) 72 (67, 79) 71 (65, 78) 72 (66, 78)
Missing (n) 607 (10%) 669 (11%) 1,276 (11%)

BP: systolic (mmHg)

129 (119, 139)

120 (111, 131)

125 (114, 135)

Missing (n) 607 (10%) 669 (11%) 1,276 (11%)
Country

England 2,562 (42%) 2,410 (40%) 4,972 (41%)
Northern Ireland 255 (4.2%) 313 (5.2%) 568 (4.7%)
Scotland 2,040 (33%) 1,710 (28%) 3,750 (31%)
Wales 1,233 (20%) 1,627 (27%) 2,860 (24%)

Dilated cardiomyopathy

255 (4.2%)

616 (10%)

871 (7.2%)

Diabetes 1,729 (28%) 1,636 (27%) 3,365 (28%)
Ethnicity

White 2,489 (41%) 2,260 (37%) 4,749 (39%)
South Asian 34 (0.6%) 86 (1.4%) 120 (1.0%)
Black 23 (0.4%) 49 (0.8%) 72 (0.6%)
Other 20 (0.3%) 14 (0.2%) 34 (0.3%)
Mixed 3 (<0.1%) 17 (0.3%) 20 (0.2%)
Missing 3,521 (58%) 3,634 (60%) 7,155 (59%)
Gender

Male 3,972 (65%) 4,488 (74%) 8,460 (70%)
Female 2,118 (35%) 1,572 (26%) 3,690 (30%)
GFR (mL/min/1.73m?) 62 (50, 76) 64 (51, 78) 63 (50, 77)
Missing (n) 777 (13%) 725 (12%) 1,502 (12%)
GFR group

(mL/min/1.73m?)

G1 (>90) 487 (9.2%) 582 (11%) 1,069 (10%)
G2 (60-90) 2,399 (45%) 2,469 (46%) 4,868 (46%)
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G3 (30-60)

2,427 (46%)

2,284 (43%)

4,711 (44%)

Missing (n)

777 (13%)

725 (12%)

1,502 (12%)

Hypertension

3,716 (61%)

2,920 (48%)

6,636 (55%)

Ischaemic heart disease

2,849 (47%)

2,759 (46%)

5,608 (46%)

LV impairment

5,992 (98%)

5,850 (97%)

11,842 (97%)

Myocardial infarction

2,048 (34%)

2,249 (37%)

4,297 (35%)

Potassium max (mmol/L)

4.50 (4.30, 4.80)

4.70 (4.40, 5.00)

4.60 (4.30, 4.90)

Missing (n) 950 (16%) 878 (14%) 1,828 (15%)
Potassium mean 4.40 (4.15, 4.65) 4.55 (4.30, 4.80) 4.50 (4.20, 4.73)
(mmol/L)

Missing (n) 950 (16%) 878 (14%) 1,828 (15%)

Prescription: antihyper-
tensives

1,513 (25%)

673 (11%)

2,186 (18%)

Prescription: sacubi- 42 (0.7%) 391 (6.5%) 433 (3.6%)
tril/valsartan
Prescription: SGLT2 in- | 80 (1.3%) 107 (1.8%) 187 (1.5%)

hibitor

Smoking status

Never 1,027 (26%) 957 (25%) 1,984 (25%)
Past 2,372 (59%) 2,221 (58%) 4,593 (59%)
Current 602 (15%) 643 (17%) 1,245 (16%)
Missing (n) 2,089 (34%) 2,239 (37%) 4,328 (36%)

Sodium (mmol/L)

140.00 (138.33,
142.00)

139.20 (137.50,
141.00)

140.00 (138.00,
141.33)

Missing (n)

927 (15%)

865 (14%)

1,792 (15%)

Time period (start)

2014 1,288 (21%) 903 (15%) 2,191 (18%)
2015 1,052 (17%) 845 (14%) 1,897 (16%)
2016 1,028 (17%) 1,029 (17%) 2,057 (17%)
2017 969 (16%) 1,060 (17%) 2,029 (17%)
2018 982 (16%) 1,182 (20%) 2,164 (18%)
2019 771 (13%) 1,041 (17%) 1,812 (15%)
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TABLE 2.

Univariable mixed effects logistic regression model. The outcome was mineralocorticoid receptor

antagonist (MRA) prescription in those who would benefit. Odds ratios (OR) are standardised to a one

standard deviation change for continuous variables. 95% confidence intervals (Cl) are presented. BP:

blood pressure, GFR: glomerular filtration rate (units: mL/min/1.73m?), LV: left ventricle.

Term Odds Ratio | 95% ClI (lower) 95% Cl (upper) P value
(OR)
Age 0.02 0.01 0.03 <0.001
BP: diastolic (mmHg) 0.61 0.53 0.70 <0.001
BP: systolic (mmHg) 0.24 0.21 0.29 <0.001
Dilated cardiomyopathy 107 48.9 232 <0.001
Diabetes 0.84 0.63 1.12 0.241
Gender: female (reference)
Gender: male 15.3 7.21 32.4 <0.001
GFR: continuous 1.03 0.87 1.22 0.756
(mL/min/1.73m?)
GFR group >90 (reference)
GFR group 60-90 1.07 0.77 1.49 0.683
GFR group 30-60 1.15 0.80 1.66 0.448
Hypertension 0.07 0.03 0.14 <0.001
Ischaemic heart disease 0.73 0.55 0.97 0.031
LV impairment 0.04 0.01 0.13 <0.001
Myocardial infarction 1.27 0.94 1.71 0.117
Potassium (max) (mmol/L) 4.99 4.14 6.03 <0.001
Potassium (mean) (mmol/L) 3.71 3.12 4.41 <0.001
Prescription: antihypertensives 0.02 0.01 0.04 <0.001
Prescription: sacubitril/valsartan | 230 108 490 <0.001
Prescription: SGLT2 inhibitor 1.71 0.83 3.52 0.142
Sodium (mean) (mmol/L) 0.29 0.24 0.35 <0.001
Time period (continuous) 1.76 1.57 1.97 <0.001
Time period: 2014 (reference)
Time period: 2015 1.77 1.30 2.40 <0.001
Time period: 2016 2.85 2.05 3.95 <0.001
Time period: 2017 3.39 241 4.78 <0.001
Time period: 2018 4.32 3.04 6.13 <0.001
Time period: 2019 5.85 4.00 8.54 <0.001
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TABLE 3.

Multivariable mixed effects logistic regression model. The outcome was mineralocorticoid receptor
antagonist (MRA) prescription in those who would benefit. Odds ratios (OR) are standardised to a one
standard deviation change for continuous variables. 95% confidence intervals are presented. GFR:

glomerular filtration rate group (mL/min/1.73m?2), IHD: ischaemic heart disease.

Term Odds Ratio | 95% ClI (lower) | 95% Cl (upper) | P value
(OR)

Age 0.02 0.01 0.03 <0.001
Dilated cardiomyopathy 25.85 7.48 89.40 <0.001
GFR: continuous 0.37 0.25 0.55 <0.001
Gender: female (reference)

Gender: male 6.31 3.20 12.43 <0.001
GFR group >90 (reference)

GFR group 60-90 1.78 0.83 3.83 0.14
GFR group 30-60 241 0.85 6.87 0.10
Hypertension 0.40 0.21 0.78 0.01
Prescription: antihypertensives 0.03 0.02 0.07 <0.001
Prescription: sacubitril/valsartan 213.82 55.54 823.21 <0.001
Time period 2.17 1.85 2.54 <0.001
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FIGURE LEGENDS

FIGURE 1.

People with heart failure (HF) were identified in a primary care research database using clinical code

lists (Supplemental Material) across six calendar years. The selection criteria included a diagnosis of

heart failure with reduced ejection fraction (HFrEF), the prescription of an ACE inhibitor (ACEi) or

angiotensin receptor antagonist (ARB), the prescription of a beta blocker, symptoms of HF or use of a

diuretic, potassium not greater than 5.0 mmol/L in the last year, no known allergy to a

mineralocorticoid receptor antagonist, and a glomerular filtration rate (GFR) not less than 30

mL/min/1.73m? within the last year.
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n=2191 n=1897 n=2057 n=2029 n=2164 n=1812
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FIGURE 2.

The proportion (95% confidence interval) of people with HFrEF eligible for mineralocorticoid receptor
antagonist (MRA) therapy who were prescribed MRA therapy, in a UK national audit of primary care

electronic health records.
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FIGURE 3.

A univariable mixed-effects logistic regression model. Factors associated with mineralocorticoid

receptor antagonist prescription in eligible people with HFrEF. The odds ratio and 95% confidence

interval are plotted. BP: blood pressure, DCM: dilated cardiomyopathy, GFR: glomerular filtration rate

group (G1 >90, G2 60-90, G3 30-60 mL/min/1.73m?), LV: left ventricle, IHD: ischaemic heart disease,

MI: myocardial infarction.
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FIGURE 4.

A multivariable mixed effects logistic regression model. Factors associated with mineralocorticoid

receptor antagonist prescription in eligible people with HFrEF. The odds ratio and 95% confidence

interval are plotted. DCM: dilated cardiomyopathy, GFR: glomerular filtration rate group (G1 >90, G2

60-90, G3 30-60 mL/min/1.73m?), IHD: ischaemic heart disease.
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