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Davide Stolfo

POPULAR SCIENCE SUMMARY OF THE THESIS

The population of patients affected by heart failure is dramatically growing worldwide de-
termining an increasing demand in terms of economical and individual resources. Validated
treatments are strongly recommended to manage symptoms and to improve survival. Howe-
ver, their implementation remains poor in the real-world and this is especially true in more
challenging subgroups. Our overall aim is to explore the current status of treatment imple-
mentation in specific subgroups of patients with heart failure which are classically excluded
from large randomized studies, in order to define the associations between treatment use and
mortality/morbidity, the reasons for underuse of treatments and the potential solutions for
improve the physicians’ adherence to guidelines recommendations.

ABSTRACT

Background. The growing prevalence of heart failure (HF) worldwide determines
an increasing burden on healthcare systems. HF phenotypes differ for several patient
characteristics. Treatments with proven efficacy are mainly available for HF with reduced
ejection fraction (HFrEF), whereas for HF with mildly reduced (HFmrEF) and preserved
(HFpEF) ejection fraction evidence on treatment effect is more recent and limited to a single
randomized control trial (RCT) and post-hoc/subgroup analyses of former RCTs. Although
therapies affect survival in HFrEF, treatment implementation remains poor in particular in
specific and more challenging subgroups.

Aims. The overall purpose is to provide a thorough characterization in terms of prognostication,
to explore associations with outcomes and reasons for underuse of HF treatments while
focusing on challenging settings underrepresented in RCTs and the different HF phenotypes
(HFrEF, HFpEF and HFmrEF). Specific aims are:

o to assess gender-related differences in clinical characteristics, therapeutic strategies and out-
comes in order to characterize the specific features of women affected by HF across the HF
phenotypes (study I)

e to evaluate the use and the predictors of use of betablockers in older HFrEF patients, and the
association between betablocker therapy and outcomes (study II)

e to assess the state of implementation of evidence-based treatments for HFrEF in older pa-
tients (study III)

o to explore the burden of HF on an healthcare system, with particular attention to the impact
of the increasing burden of comorbidities on cardiovascular (CV) and non-CV mortality and
morbidity (study IV)

These specific aims are assessed in a large and unselected contemporary cohort of HF
patients, such as the Swedish HF Registry (SwedeHF).

Sex-based differences in heart failure across the ejection fraction spectrum: Phenotyp-
ing, and prognostic and therapeutic implications. In the SwedeHF Registry population, of
42,987 patients, 37% were females (55% with HFpEF, 39% with HFmrEF, 29% with HFrEF).
Females were older, had more symptoms and more likely hypertension and kidney disease.
There were differences in treatment use, with higher rates of beta-blocker and digoxin use in
women vs men. Females less likely received HF devices. Adjusted risk of mortality/HF hospi-
talization was lower in females regardless of EF. The observed sex-related differences suggest
to implement strategies for higher recruitment of women in RCTs.
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Association between beta-blocker use and mortality/morbidity in older patients with
heart failure with reduced ejection fraction: A propensity score-matched analysis from
the Swedish Heart Failure Registry. We assessed the association between beta-blocker use,
all-cause mortality and CV mortality/HF hospitalization in a 1:1 propensity score-matched
cohort of patients with HFrEF and aged >80 years. Of 6562 patients aged >80 years, 5640
(86%) received beta-blocker. In the matched cohort (n=1732) beta-blocker use was associated
lower risk of all-cause mortality. There was no signifantly lower risk of CV mortality/HF
with vs. without beta-blocker in the matched cohort due to the lack of association between
beta-blocker use and the outcome HF hospitalization. However, after adjustment rather than
matching for the propensity score in the overall cohort, beta-blocker use was associated with
reduced risk of all-cause mortality and CV mortality/HF hospitalization.

Use of evidence-based therapy in heart failure with reduced ejection fraction across age
strata. We studied 27430 patients with HFrEF: 31% were <70, 34% 70-79 and 35% >80 years
old. Use of renin-angiotensin-system/angiotensin receptor neprilysin inhibitors, beta-blockers
and mineralocorticoid receptor antagonists progressively decreased with increasing age. Older
patients were less likely treated with target doses of or combinations of HF medications. Ex-
cept that for cardiac resynchronization therapy, after extensive adjustments age was inversely
associated with the probability of guideline-directed medical therapy (GDMT) use and target
dose achievement.

Persistent high burden of heart failure across the ejection fraction spectrum in a nation-
wide setting. A total of 76510 HF patients (53% HFrEF, had reduced EF 23% HFmrEF, 24%
HFpEF) from the SwedeHF Registry were compared 1:3 with a sex, age, and county matched
non-HF population. The incidence of cardiovascular and non-cardiovascular mortality/mor-
bidity outcomes, as well as the in-hospital length of stay, was up to 5 times higher in HF vs
non-HF patients. Across the EF spectrum, HFrEF was more exposed to HF hospitalization,
whereas HFpEF to all-cause and non-cardiovascular hospitalization and mortality.

Conclusions. In the overall management of patients with HF, there are challenging subgroups
that remain underexplored and frequently under-represented in RCT. Weaker evidence
supporting the use of treatments and clinical inertia lead to lower adherence to current
therapeutic recommendations. In our study women presented peculiarities in characteristics
and treatments across the whole EF spectrum compared with men, with better survival/
morbidity after adjustment for other patient characteristics. Patients in the older age range
represent another group with a great representation in the overall real-world HF population,
but often poorly considered and represented in clinical trials and by the scientific community
in terms of treatment use implementation. Concerns regarding lower or no efficacy of
treatments in older groups are not supported by post-hoc analyses of RCTs, and we observed a
convincing lower mortality/morbidity risk associated with beta-blockers treatment in HFrEF
over 80 years old, without any safety concerns. Despite the available data support evidence-
based treatments regardless of age, in our cohort study we demonstrated that, with the
exception of cardiac resynchronization therapy, medical treatments and devices are largely
under-used and under-dosed in older patients with HFrEF. Finally, the increasing complexity
of the contemporary HF population, partially given by the growing age and the increasing
number of comorbidities, heavily burdens on the whole healthcare system, with HF patients
experiencing a dramatically higher rate of cardiovascular and non-cardiovascular mortality/
morbidity events. This claims for further efforts in the optimization of resources allocation
and design of future RCTs.
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1 INTRODUCTION AND LITERATURE REVIEW

The overall burden of Heart Failure

Heart failure (HF) is a global pandemic with increasing prevalence in the general population.
Due to the overall aging of the worldwide population, carrying a higher burden of HF-related
hospital admissions and an increasing demand of HF therapies, the HF-related health-care
costs are increasing dramatically(1,2). Indeed, health expenditures for the yearly 1.1 million
hospital stays for chronic HF in the United States amount to nearly $29 billion, corresponding
to 10% of total health expenditures(3).

Prognosis of heart failure

Despite the improvement in treatment strategies and prognosis since the publication of the
first RCTs in HF, overall survival improved but mortality still remains high and quality of
life poor. Several prognostic markers became available over the years, including clinical
factors, biomarkers and imaging. However, the performance of prognostic models is still
unsatisfactory and the risk stratification of individual patients frequently fails.

Survival rates in HF shows broad variation which depends on several factors, including study
design, diagnostic criteria, characteristics of study populations. Data from observational
studies and registries typically report higher mortality rates compared with RCTs, that in
a large part is the consequence of the selection process. Registries enroll patients from the
“real world”, who are generally older and with higher burden of comorbidities compared
with trials. These patients are also exposed to non-cardiovascular (CV) events which are not
directly explained by HF and that account for more than half of 30-days readmissions after
diagnosis (4-6). In a Spanish cohort of 1876 patients with EF <50%, non-CV deaths accounted
for 17.4% of deaths in 2002, increasing to 65.8% in 2018, mainly due to an increase in cancer
deaths(4). Patients included in RCTs are instead younger, with less and less severe comorbid
conditions and usually receiving optimal therapies.

In a recent U.S. registry-based study overall 5-years mortality rates were 24% and 54%
for 60 and 80 year-old HF patients, respectively, and were stable over time(7). In a recent
large meta-analysis, estimated 1, 2, 5 and 10-year survival was 87%, 73%, 57% and 35%,
respectively(8).

In the last decades a drastic decrease in mortality in HF has not been observed. In the Olmsted
County, mortality rates remained stable during the last 10 years, reflecting the changing
epidemiology with HF with preserved ejection fraction (HFpEF) becoming more prevalent
and with less therapeutic opportunities, and the increasing burden of comorbidities(7). In a
large U.K. cohort, trends in mortality in patients with HF have been assessed over 20 years(9).
Mortality risk slightly decreased, but absolute mortality rates remained high (i.e. >20% at 1
year). Important differences were observed according to age group, sex and socioeconomic
status.

Hospitalizations

HF hospitalizations represent 1% to 2% of all hospital admissions and HF is the leading
diagnosis in hospitalized patient aged >65 years(10,11). Absolute numbers of hospital
admissions for HF are projected to increase by about 50% over the next 25 years, due to a
growing and aging population(12).
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In U.K. trends in risk of hospitalization have increased over the last 20 years, with a 28%
increase in the first-year rates of all-cause hospitalization, 28% increase in the first-year
rates of HF hospitalization and a 42% increase in the first-year rates of non-CV admissions.
Older vs younger patients, women vs men, patients with an in-hospital vs a community-
based diagnosis of HF and most deprived patients showed the worst patterns in terms of
increasing hospitalization rates for both HF and non-CV reasons(9). The transition in causes
of hospitalization, with non-HF and non-CV causes currently representing the most frequent
reason of hospitalization in HF patients, has been confirmed in several studies(6,13). In
the Olmsted County, >60% of hospitalizations were due to non-CV causes(7). Also, the
predominant phenotype of hospitalized patients with HF is changing, with HFpEF becoming
dominant(14). In the Get With The Guidelines-Heart Failure cohort, the proportion of patients
admitted for acute decompensated HF who had HFpEF increased from 33% in 2005 to 39%
in 2010(15).

Current classification of chronic heart failure

Several classifications have been proposed for chronic HF, but the most used is based on left
ventricular EF. Indeed, according to the most recent European guidelines, HF is defined as
with reduced EF (HFrEF; EF <40%), with mildly reduced EF (HFmrEF; EF: 41-49%) and
with preserved EF (HFpEF; EF>50%)(2).

Contemporary treatment of heart failure
Heart Failure with Reduced Ejection Fraction (HFrEF)

The largest benefit from anti-neurohormonal drugs is observed in HFrEF whereby several
RCTs support the use of different classes of medications(2).

The historical milestones of drug therapy for HFrEF are the inhibitors of the renin-
angiotensin system (RASI, angiotensin converting enzyme (ACE)-inhibitors and angiotensin
receptor blockers), beta-blocker and the mineralocorticoid-receptor antagonists (MRA) that
have dramatically improved the prognosis of patients with HFrEF in the last 30 years by
improving survival, decreasing the risk of sudden cardiac death (SCD), and preventing HF
hospitalizations(2).

The cumulative reduction in mortality associated with the combined use of evidence-based
treatments is close to 60% according to data from a large network meta-analysis(16). The
implementation of medical therapies has led also to a reduction in risk of SCD till below
5%(17).

After about two decades without convincing advances in the medical care of HFrEF, new
classes of drugs recently emerged that clearly demonstrates to provide additional benefit on
top, or alternatively in place of, conventional antineurohormonal classes.

The PARADIGM-HF trial drastically modified the landscape of HFrEF medical therapy
after decades of disappointing results from RCTs. In this trial, sacubitril/valsartan, compared
with enalapril, strongly reduced the combined primary endpoint of CV death or HF
hospitalizations, as well as all-cause mortality. Following these results, sacubitril-valsartan
is now recommended by international guidelines with class IA recommendation in order
to reduce HF-related hospitalizations and mortality(2,18). Sodium-glucose cotransporter 2
(SGLT2) inhibitors are a new class of medications initially proposed as pure glucose-lowering
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drugs, that demonstrated to improve mortality/morbidity in patients with HF regardless
the presence of diabetes. Two large RCTs support the use of this pharmacological class in
symptomatic HFTEF with class IA recommendation(19,20). The estimated treatment effects
of comprehensive disease-modifying pharmacological therapy (i.e. MRA, ARNI, SGLT2i
and beta-blocker) vs conventional therapy (i.e. ACE-inhibitor and beta-blocker alone) has
been tested in a cross-trial analysis(21). Three pivotal RCTs were compared, EMPHASIS-HF
(n=2737), PARADIGM-HF (n=8399), and DAPA-HF (n=4744)(18,19,22) and the composite
primary endpoint of CV death or first hospital admission for HF was assessed. The hazard
ratio (HR) for the aggregate treatment effects of comprehensive disease-modifying therapy
versus conventional therapy on the primary endpoint of CV death or hospital admission for HF
was 0.38 (95% CI1 0.30-0.47) and the lifetime estimated weighted benefit ranged between 2.7
additional years of survival free from HF-hospitalizations (for a 80-year-old patient) and 8.3
years (for a 55-year-old-patient). These conclusions support the early adoption of combined
interventions including ARNI, betablockers, MRA and SGLT2-inhibitors recommended in
the last European Society of Cardiology (ESC) guidelines as the new therapeutic standard in
order to reduce mortality (Figure 1)(2).

ACE-IARN SGLTa

Figure 1.
Adapted from Mc Donagh et al. European Heart Journal (2021) 00, 1-128

Devices also have largely contributed to the improvement in survival and to the reduction
in SCD among HFrEF patients. Cardiac resynchronization therapy (CRT) and primary
prevention implantable cardioverter defibrillators (ICD) are first-line therapies that, if
correctly used, exert a strong prognostic role(23-28).

Heart failure with Mildly Reduced Ejection Fraction (HFmrEF)

In 2016 the ESC guidelines introduced a category of HF in between the two classical entities,
namely preserved and reduced EF, and this new entity was named HF with mid-range EF
(HFmrEF)(29). The aim of the guidelines committee was to stimulate dedicated research into
the “underlying characteristics, pathophysiology and treatment of this group of patients”(29).
Data acquired following the publication of 2016 ESC guidelines and results of retrospective
analyses of RCTs suggesting a potential benefit in treating HFmrEF with evidence-based
drugs for HFrEF led to rename this entity from ‘heart failure with mid-range ejection fraction’
to ‘heart failure with mildly reduced ejection fraction’(2). This revised category includes
patients in the 41 to 49% range of EF. The proportion of HFmrEF within the overall HF
population ranges between 10 and 25%(30-36).

HFmrEF cannot be simply defined as an intermediate phenotype between HFrEF and HFpEF.
For some characteristics, in particular coexisting comorbidities, it can resemble more
HFpEF, but for others it looks much more close to HFrEF. Ischemic etiology is important
in the interpretation of HFmrEF as a milder form of HFTEF as the prevalence of ischemic

12
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heart disease, including adjusted prevalence, is similar in these two phenotypes (31,36-38).
Regarding the gender distribution, the proportion of females in HFmrEF was intermediate
between HFTEF and HFpEF, but more similar to HFTEF(39). Prognosis in large observational
studies appeared more favorable compared to HFpEF and HFrEF(31-33,35). Differences
in outcome between real-world studies and RCTs are also evident for HFmrEF patients,
since events rates in HFmrEF and HFpEF were generally lower than in HFrEF in RCTs(40).
Neurohormonal antagonists have demonstrated to be effective in HFrEF, whereas until the
recent release of RCTs on SGLT2-inhibitors(41), no therapy demonstrated proven benefit
in the two other categories of HF. However, the rate of guidelines directed medical therapy
(GDMT) use in registries is high in the HFmrEF population, suggesting that in clinical
practice these patients are frequently assimilated to the HFrEF, have alternative indications
to these treatments (i.e. systemic hypertension, atrial fibrillation) or alternatively, are “in
transition” from HFrEF(31-33,36,37,42). In most of RCTs on HFpEF the lower threshold
of EF was set to include completely, or partially, the HFmrEF spectrum(43-46). In the
CHARM as well as in the TOPCAT trial, the primary outcome and/or the risk of recurrent HF
hospitalizations was reduced in HFmrEF(40,47). An individual patient data meta-analysis
on betablockers demonstrated an HR for CV mortality in HFmrEF patients of 0.48 (95%
CI 0.24-0.97)(48). More recently, in the PARAGON-HF a subgroup analysis demonstrated
a benefit in patients with EF below the median (i.e. <57%)(46). Due to the post-hoc design
of the analysis, the gap in EF with values >40% and <45% excluded from both the RCTs,
and the different treatment in the placebo arms, these observations should be considered
as hypotheses generating. Pooled together on a continuous scale, data from these studies
suggest HFrEF treatments might provide benefit also in HFmrEF, as also reported by the
recently published ESC guidelines on HF (Figure 2)(2,49).

PARAGON / PARADIGM TOPCAT Beta-Blocker Trialists * CHARM
HF-Hospitalization Sacubitril/Valsartan HF-Hospitalization Spironolactone CV-Death Beta Blockers HF-Hospitalization Candesartan
251 25 s 20+
[] Population in EF 4
20  range without
prospective 50 154
dedicated trial 154
2" B Potential benefit
8 20 \
2 10 1045
104 10
= 07| ¢ [ [} {
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05 04 - 02 05 -
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Figure 2.
Adapted from Bohm et al. Eur Heart J. 2020 Jul 1;41(25):2363-2365.
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After the success of the two major RCTs on SGLT2-inhibitors in HFrEF, this class of drugs
confirmed the expectations of the scientific community also in the setting of HFmrEF/HFpEF
with the publication of the EMPEROR-PRESERVED trial. One-third of the trial population
had HFmrEF and the results were consistent across the entire EF spectrum (41).

Heart Failure with Preserved Ejection Fraction (HFpEF)

The advances in the management of HFrEF were not counterbalanced by an improvement
in the treatment of HFpEF. Diagnostic work-up may be more difficult in HFpEF due to the
EF in the normal ranges. Symptoms can be confounded by potential alternative causes (i.e.
chronic respiratory diseases, etc). Novel diagnostic criteria have been recently formulated
that include echo parameters, natriuretic peptides and, if uncertainty persists, stress testing
and/or invasive hemodynamics can be considered(50).

Data from registries demonstrate that patients with HFpEF exhibit critical differences
compared to other HF phenotypes(51,52). They are older, more likely female, and carry
a higher burden of comorbidities(51,52). Outcomes in HFpEF are comparable to those of
HFrEF, with 1-year mortality ranging between 10% and 30%(33,53). Data from the GWTG-
HF registry found no difference in 1-year mortality between HFrEF and HFpEF, and whereas
HFTEF patients had higher rates of HF readmission, HFpEF patients had higher rates of all-
cause readmission(51). In the Swedish HF Registry (SwedeHF), adjusted all-cause mortality
at 1 and 3-years in HFmrEF was lower compared with HFrEF and numerically higher but not
statistically significantly different compared with HFpEF(33). In addition, although mortality
rates for HFrEF have decreased over the past 15 years, they are stable in HFpEF, likely due
to the paucity of evidence-based treatments for HFpEF (54).

Antineurohormonal therapies that drastically modified the natural history of HFrEF and
dramatically reduced mortality, failed to demonstrate a benefit in HFpEF. The PARAGON-
HF trial tested the effect sacubitril/valsartan in HFpEF and did not meet the primary
outcome, although with borderline significance(46). In 2021, the EMPEROR-PRESERVED
study, that included patients with HF and EF>40%, has finally become the first RCT that
provided solid evidence of benefit in the treatment of HFpEF(41), with a 21% reduction
in CV mortality/HF hospitalization in the treatment arm compared to the placebo group,
although with not significant effect on mortality. The results were consistent across the
entire EF spectrum investigated in the trial. In the SOLOIST-WHEF, that tested the SGLT1-
SGLT?2 inhibitor sotaglifiozin in diabetic patients with recent worsening HF, around 25% of
patients had EF>50%. This study demonstrated a reduction in the composite of CV death/HF
hospitalization/urgent visits for HF in the treatment arm that was consistent in the EF<50%
and >50% groups(55). The recently published EMPULSE trial enrolled 530 patients with
acute de-novo or decompensated chronic HF regardless of EF and demonstrated a significant
clinical benefit in the treated arm, defined by a hierarchical composite of all-cause death,
number of HF events and time to first HF event, or change in symptoms at 90 days, without
significant interaction with EF(56). If the upcoming results of the second dedicated outcome
trial in HFpEF/HFmrEF with a SGLT2-inhibitor, the Dapagliflozin Evaluation to Improve
the LIVEs of Patients With PReserved Ejection Fraction Heart Failure (DELIVER)(57), will
be confirmatory, SGLT2-inhibitors will be the first class of drugs with proven positive effect
on the prognosis of patients with HFpEF (and HFmrEF).
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Gaps in treatment of heart failure with reduced ejection fraction

Despite the strong level of recommendations and the data from an international registry that
demonstrated the positive association between the adherence to guideline-recommended
medications in HFrEF and survival(58), underprescription and underdosing of HF medications
are frequent in clinical practice compared to the setting of a RCTs, due to several factors
including the excessive concerns about adverse events (Figure 3)(59,60). In the U.S. registry
CHAMP-HF only 72%, 67% and 33% of patients with chronic HFTEF received, respectively,

CENTRAL ILLUSTRATION: Use and Dosing of Guideline-Directed Medical
Therapy Among Patients With Chronic HFrEF in Contemporary U.S. Outpatient
Practice

A 100% ~
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Greene, S.J. et al. J Am Coll Cardiol. 2018;72(4):351-66.

Figure 3.
Adapted from Greene et al. J Am Coll Cardiol 2018;72(4):351-66
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RASI/ARNI, beta-blockers and MRAs(59).

European studies reported higher use of evidence-based treatments in HFrEF. In the ESC-HF
Long-term Registry patients treated with RASI were 94%, with beta-blockers 93% and with
MRA 67%(61). More recently, similar rates were reported in the SwedeHF Registry(62,63).

Although the prescription rates of medications improved overtime in the European cohorts
(61), optimization of doses remains limited. In the ESC-HF Long-term Registry less than one
third of patients received medications at recommended doses(61). As shown in Figure 3, in
the CHAMP-HF registry, less than 20% and 30% of patients received target doses of RASI/
ARNI and beta-blockers, respectively(59). In the SwedeHF Registry the reported rate of
target dose achievement was higher compared to previous studies, with 46% on target dose
of RASI/ARNI and 37% on target dose of beta-blockers in the overall HFTEF population.
Notably, simultaneous use of intermediate doses of RASI/ARNI and beta-blockers yielded
a lower risk of CV mortality/HF hospitalization than the use of a single drug at 100% target
dose(62) (Figure 4).

Median follow-up 2.06 years (IQR 0.87-4.65)

[ CV death or HE hospitalization
Number of patients (%) Adjusted HR (95% CI)

No use of both classes 179(1%) - Reference
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Both classes, <50% of TD 1367 (820 ¢ - ' 0.70(0.57-0.86)
Only 1 class, 250%-99% of TD 661 (435) ¢ - L 0.79 (0.64-0.99)
1 class <50% of TD, 1 class 250%6-99% of TD 2428 (14%6) r L 0.64 (0.52-0.78)
Both classes, z50%-99% of TD 1537 (929 —— 0.60(0.4%-0.74)
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Both classes, 2100% of TD 3930 (22%) —— 0.52(0.42-0.63)
.50 LRl woo1as
Lawer rigk #—————t Highe risk

HR for CV death or HF hospitalization
(log scale)

Figure 4.
Adapted from D’Amario, et al. Eur J Heart Fail. 2022 Mar 8. doi: 10.1002/ejhf.2477. Online ahead of print.

Several reasons behind the underuse and underdosing of HF medications can be summarized
into three categories: 1) patient-related factors, including medical (e.g. comorbidities,
vulnerable groups such as women, frail or older people) and socio-demographic (e.g.
deprived socio-economical condition) characteristics, and challenges inherent to managing
comorbidities and polypharmacy, 2) treatment-related aspects including actual or perceived
tolerability concerns or side-effects (e.g. bradycardia with beta-blockers, hyperkalaemia with
MRAs, hypotension etc.), and 3) healthcare-related/organizational factors with an impact
on delivery and quality of care (e.g. primary rather than specialty care, clinical inertia)(64).

The rate of access to HF devices in patients with HFrEF is also of further concern. Data from

registries attested very low prevalence of ICD and CRT implantation in patients eligible for
these interventions(65,66).
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Challenging subgroups
Gender differences in heart failure

Women have been systematically undertreated in HF clinical practice and underrepresented
in all the HF RCTs, raising concerns regarding generalizability of RCT results. Sex-related
differences in HF involve multiple aspects of the syndrome, including epidemiology,
pathophysiology, phenotyping, prognosis, and can influence the course of the disease
and the response to treatments. Moreover, with the increasing aging of the population the
prevalence of HF within women is progressively approaching the one in men(67). Although
in previous studies outcome was reported to be worse in men compared with women with
HF, faster increases in rates of HF and non-CV hospitalizations and slower decreases in
mortality in women than men have resulted in a similar overall outcome across sexes over
the past decade(9,68,69). Such observations may be at least partially due to the increasing
prevalence of non-CV comorbidities in women. However, a more severe HF or the lack of
effective therapies, partially because of the higher prevalence of HFpEF, in women compared
with men cannot be excluded(9,70). Moreover, the under-representation of women in RCTs
also questions the applicability and the efficacy of maximal doses in females since target
doses have been validated in settings where males were predominantly enrolled. Recently,
an analysis of the BIOSTAT-CHF study suggested that women showed approximately 30%
lower risk of death or hospitalization for HF at only 50% of the recommended doses of RASI
and beta-blockers, without any additional benefit at higher doses, whereas men achieved
the best reduction in risk with 100% target dose of these drugs. These findings have been
validated in the ASTAN-HF Registry showing similar results(71).

Differences in the use of devices in HF have been also reported. In particular CRT is less used
in women although current evidence suggests potential higher efficacy in females(72,73).

Older age classes with heart failure

Patients enrolled in HF clinical trials poorly represent the real-world HF population. Patients
in trials are younger, less exposed to drugs-related complications and with less comorbidities,
compared with real-world populations, and all these aspects influence the access to evidence-
based treatments and the long-term outcome. Therefore, the picture provided by HF RCTs
cannot be always translated into clinical practice. Among the subgroups poorly represented
in clinical trials, the elderly, along with women, are probably the most largely represented
population in daily clinical practice, i.e more than one-third of the overall HF population in
Europe(74,75). Indeed, with the aging of the population, HF has become particularly prevalent
in the elderly(76). Nevertheless, mean age in large randomized studies is systematically
below 70 years. Older HF patients present higher burden of comorbidities and might be more
difficultly treated because of lower tolerance to medications or more likely drugs interactions
due to polipharmacy. Indeed, aging carries a greater burden of comorbidities that is associated
with increased severity of HF symptoms and reduced tolerance to HF treatments(77). However,
beyond these aspects that may negatively influence the adherence to recommended HF
treatments, age by itself should not be considered a contraindication to evidence-based drugs
and devices for HF. In the current guidelines, treatments’ recommendations are independent
of age(2). In post-hoc analyses of RCTs, including the most novel classes ARNI and SGLT24i,
age did not affect treatment effect(78-82). The only study designed to assess the efficacy of
beta-blockers in older HF patients was the SENIORS trial (inclusion criteria >70 years, mean
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age 76 years), which showed a significant reduction in the combined risk of death or CV
hospitalization, but no effect on survival with beta-blockers vs. placebo (83). In older patients
with HFTEF dose uptitration of HF medications could seem more difficult. Moreover, the
evidence on additional benefit of higher doses is less solid in older vs younger patients. In the
two largest RCTs comparing low vs. high-dose of RASI there was no interaction with age,
with older patients (>65 years) having similar outcome compared to younger patients(84,85).
In the SENIORS trial, however, patients on 50% of target dose had similar outcome compared
to those on 100% of target dose(83).

The efficacy of the use of combined therapies in older patients has not been specifically inves-
tigated. However, in an indirect comparison of three major RCTs (EMPHASIS, PARADIGM-
HF and DAPA-HF), the estimated gain in survival free-from HF hospitalization provided by
comprehensive treatment with ARNI, beta-blocker, MRA, and SGLT2-inhibitor versus RASI
plus beta-blocker in a hypothetical 80-years old patient was 2.7 years(21), which was less than
in younger patients. Therefore, in absence of contraindications, the medical approach to HFrEF
should be the same in younger and older patients, and efforts toward therapy implementation
and dose optimization should be pursued regardless the age. In the real-world management of
HF, however, data on use of HF treatments in the older vs younger patients remain conflict-
ing(86-88), and evidence on treatment efficacy in the elderly is poor(74,75). A recent large
retrospective study from the SwedeHF Registry provided data supporting the efficacy of renin-
angiotensin system inhibitors (RASI) in patients >80 years 0ld(89). Nevertheless, the adher-
ence to evidence-based treatments for HFTEF in older patients remains incompletely explored
in large HFTEF populations, in particular in the current era of new available drugs for HF
management.

Comorbidities

The majority of patients with HF has >3 coexisting comorbidities and the overall amount
of CV and non- CV comorbidities is increasing overtime (90,91). The increasing number
of comorbidities is influenced by several factors, such as population ageing, enhanced
screening and diagnostics, physician awareness, and changes in risk factors overtime(90).
CV comorbidities have a well-known unfavorable effect on the outcome in HF(92), but also
non- CV comorbidities has been shown to negatively affect prognosis(93). Multimorbidity
increases the complexity of the management of patients with HF, and comorbidities can
impair the introduction and titration of evidence-based therapies by increasing the risk, or the
perception of risk, of intolerance and side effects, by discouraging physicians to implement
treatments in patients already taking multiple medications, or by the perception of lower
efficacy. Data from registries indicated that chronic kidney disease and hyperkalaemia were
the most frequent reasons for not use or discontinuation of RASI and MRAs, respectively,
whereas asthma and bradycardia were the most frequent contraindications or reasons for
discontinuation of beta-blockers(61,94).

As previously reported, patients with HFpEF have higher prevalence of CV and non-CV
comorbidities compared with HFrEF and HFmrEF(95).
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RESEARCH AIMS

Based on this background, the overall aim is to investigate the most controversial and
complex subgroups of patients with HF which have been traditionally excluded or under-
represented in RCTs, by providing a comprehensive overview on their characteristics,
treatment implementation and related benefits in terms of outcomes, while considering their
impact on the overall HF management.

Specific aims are:

1.

to assess sex-based differences in demographic and clinical characteristics, treatments,
and outcomes in a large and unselected cohort of HF patients across the EF spectrum
(Study I).

to assess the use of beta-blockers in HFTEF patients aged >80 years, and to test
their association with outcomes in a large, contemporary, real-world HFrEF cohort
(Study II).

to define the current status of implementation of HFrEF evidence-based therapies and
explore the reasons for underuse/underdosing across different age strata and within
specific subgroups of interest (Study III).

to comprehensively compare a large HF population across the EF spectrum with a
control non-HF population with regard to demographic features, comorbidities,
treatments and outcomes, in order to explain the significant burden of HF on healthcare
resources (Study IV).
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3 MATERIALS AND METHODS

Data Source — The Swedish Heart Failure Registry (SwedeHF)

For all the four studies, data have been derived from the SwedeHF Registry. SwedeHF
has been previously described(96). Briefly, it is an ongoing voluntary health care quality
registry founded in 2000 and implemented on a national basis in 2003. A majority of Swedish
hospitals (~60 out of 75 hospitals) and to a minor extent also primary care centers enroll
patients without financial compensation, and collect approximately 80 variables, i.e. data on
demographics, comorbidities, clinical parameters, biomarkers, treatments and organizational
aspects, from adult in-patient wards and out-patient clinics (www.swedehf.se). The inclusion
criterion was clinician-judged HF until April 2017 and after that defined as a diagnosis of
HF according to the following ICD-10 codes: 150.0, 150.1, 150.9, 142.0, 142.6, 142.7, 125.5,
I11.0,113.0 and 113.2. EF is not mandatory, but recorded as a categorical variable (i.e. <40%,
40-49%, > 50%) in around 90% of the registrations, and, thus, distinctions can be made
between HFrEF, HFmrEF, and HFpEF patients. Reported coverage of SwedeHF in 2019 was
30.4% of the prevalent HF population in Sweden (54% in the inpatient setting). In addition
to data directly available in the SwedeHF Registry, linkage to Statistics Sweden can provide
socioeconomic data. The National Patient Registry, a national mandatory registration of
administrative records from hospitalizations and non-primary outpatient care maintained by
The National Board of Health and Welfare, provides data on additional comorbidities and
hospital accesses outcomes. The Dispensed Drug Registry (DDR) (established in July 2005)
provides data on medications prescribed and actually dispensed to the individual patients.
Linkage between the registries was allowed by the personal identification number, which all
residents in Sweden have.

For Study IV a control age, sex and county matched population without HF was derived
from Statistics Sweden.

Statistical analysis — general approach

In each study baseline characteristics in the overall population and across the subgroups of
interest were compared by using t-test or Wilcoxon-Mann-Whitney U-tests for continuous
variables and chi-square test for categorical variables. The EF spectrum was defined according
to the categorical classification recorded in the SwedeHF Registry: HFrEF (EF<40%),
HFmrEF (EF 40% to 49%) and HFpEF (EF>50%). In all multivariable models, missing
data in baseline characteristics were handled by chained equation multiple imputation (10
datasets generated). Unadjusted survivor functions were estimated using the Kaplan-Meier
method. A p value of <0.05 was considered statistically significant for all analyses. Statistical
analyses were performed using Stata version 14.2 software (Stata Corp., College Station,
Texas) (Study I and III) or R software v.3.5.1 (Study II) and v.4.0.2 (Study IV) (R Core
Team 2019).

Study I

Patients
Patients registered in SwedeHF between May 11, 2000, and December 31, 2012, without
missing data for EF and with follow-up >1 day were included. When a patient reported more
than one registration, the first one was selected. The index date was defined as the date of
the outpatient clinic visit for HF or hospital discharge. The end of follow-up was December
31, 2012.
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Outcomes

Outcomes of interest were: time to all-cause death or HF hospitalization (composite primary
outcome), time to all-cause death, time to CV death, time to non-CV death, time to CV
hospitalization, time to HF hospitalization, and time to non-CV hospitalization.

Statistical analyses

e  Multivariable logistic regression analysis was used to calculate the adjusted odds
ratios for HF treatments use in females vs males;

e  Multivariable Cox regression analyses were used to: 1) calculate the adjusted
proportional HR of outcomes in females vs males; 2) to investigate the predictors of
outcomes in females and in males within each EF category

e The presence of a statistically significant interaction between sex and EF in the risk
of outcomes was tested by the Wald test. Similarly, an interaction term between each
baseline characteristic and sex was included in the multivariable Cox regression
models to identify sex-based differences in predictors of the primary outcome within
each EF strata.

Study IT

Patients

In this study we included patients registered between 11 May 2000 and 31 December 2015,
with EF <40%, HF duration >3 months, follow-up >1 day and available information on beta-
blocker use. We excluded patients receiving beta-blockers other than those recommended by
2016 ESC HF guidelines (i.e. bisoprolol, carvedilol, or metoprolol)(29). If the same patient
was registered more than once, we considered the first registration. End of follow-up was 31
December 2015. Patients with age >80 years represented the study population, whereas pa-
tients <80 years old were included as the positive control population where beta-blockers are
well known to improve outcomes.

Outcomes

Primary outcomes were 5-year all-cause mortality and a 5-year composite of CV mortality
and first HF hospitalization. Additional outcomes of interest were 5-year CV mortality, first
HF hospitalization, hospitalization for syncope (safety analysis) and hospitalization for
cancer (falsification analysis).

Statistical analysis
This is a propensity score matched designed study.

e A logistic regression model that included all clinically relevant variables was used
to calculate the propensity score for beta-blocker use in each imputed dataset. Beta-
blocker users and non-users were matched 1:1 using the nearest neighbour method
with caliper <0.01 and no replacement.

e The association between beta-blocker use and outcome was assessed by Cox propor-
tional hazard model in the matched population.

e In order to overcome the reduction in sample size determined by the matching pro-
cess, an additional Cox proportional hazard models was fitted in the overall cohort
adjusting, rather than matching, for the propensity score.
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e A positive and negative (falsification) control analysis was also performed. Patients
with HFTEF and <80 years old from the SwedeHF represented the positive control
population where beta-blockers are well known to improve outcomes. Negative con-
trol analysis consisted of a model fitted in HFrEF patients aged >80years with hospi-
talization for cancer as outcome, since this is not expected to be associated with beta-
blocker use and whether an association is retrieved, it might indicate the presence of
residual confounding.

Study I
Patients

We included patients with HFrEF and HF duration >3 months (to allow for treatment optimiza-
tion) registered between May 11th, 2000 and December 31st, 2018. When a patient was regis-
tered more than once, the last registration was selected as more representative of contemporary
care. Patients were divided into three age categories: <70 years, 70-79 years and >80 years old.
Specific subgroups of interest were specifically explored: caregiver location (in- vs outpatient)
for all treatments (i.e. RASI/ARNI, beta-blockers, MRA, ICD and CRT); males vs females for
all treatments; estimated glomerular filtration rate (¢GFR) <30 vs 30-60 vs >60 ml/min/1.73m2
for RASI/ARNI and MRA; presence of dyskalemia for RASI/ARNI and MRA; heart rate for
beta-blockers; atrial fibrillation for beta-blockers and CRT; EF< vs >30% for ICD and CRT.
Variations in use of treatments across the different regions in Sweden were also assessed.

Treatments

Analyzed treatments were RASI, ARNI (from 2016), beta-blockers, MRA, ICD and CRT.
Analyses on HF devices were conducted in patients who fulfilled the above-reported inclusion
criteria and had Class I-ITa recommendation for ICD or CRT implantation according to the
2016 ESC HF guidelines(29).

Proportion of received target dose of treatments according to 2016 ESC HF guidelines(29),
trends in use of HF treatments over time (starting from 2003, with MRA doses available in the
registry from 2015) and the combined use of HF treatments were also assessed.

Statistical analysis

e  Multivariable logistic and multinomial regression models were fitted to investigate
factors associated with use/non-use of treatments and with the the achieved target
dose (<50% of target dose, 50-99% of target dose, >100% of target dose).

e Risk-adjusted probabilities of HF treatments use and of >100% target dose
achievement over time were assessed in the overall population and across age
categories by multivariable logistic regression analysis, with calendar year included
in the models.

e To evaluate whether the probability of drug/device use or targed dose achievement
changed over time, logistic regression models were fitted including calendar year of
registration as continuous covariate and drug/device use or target dose achievement
as dependent variables.
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Study IV

Patients

Study IV included patients with HF registered between December 1st, 2005 and December
31st, 2018. HF patients who died during the index hospitalization or had reused/changed per-
sonal identification numbers were excluded. The first registration was selected for those pa-
tients who had multiple registrations in SwedeHF.

Patients with HF were matched by sex, year of birth and county of residence at index with a
control cohort of individuals without HF derived from Statistics Sweden. The ratio was 1:3
for each observation in SwedeHF.

Outcomes

We assessed all-cause, CV and non-CV mortality. Morbidity outcomes were first and
repeated all-cause, HF, CV and non-CV hospitalizations; first and repeated all-cause
outpatient visits and first emergency visits (defined as unplanned adimssion to an
emergency ward). Length of in-hospital stay (LoS), defined as total in-hospital time
from index date to end of follow-up, calculated per follow-up year, was also calculated.

Statistical analysis

Time to first event was presented by Kaplan-Meier curves for all-cause mortality, and by
cumulative incidence curves treating death as competing event for the other outcomes. Mean
cumulative function was used for repeated events. A negative binomial generalized linear
model which included the log of time as an offset was used to model repeated events. Crude
Cox proportional hazards regression models were fitted to model the time to first event.
Repeated events were modelled by a negative binomial generalized linear model including
the log of time as an offset. Censoring time was December 31st, 2019 or death/emigration,
and, for the controls a diagnosis of HF.

Ethical Considerations

All the studies were performed in accordance with good clinical practice guidelines (ICH-
GCP) and fulfilled the recommendations of the Helsinki Declaration. In the health quality
and research registry SwedeHF, individual written consent is not required, but patients are
informed of registration and allowed to opt-out. Foundation of the SwedeHF and its linking
with the abovementioned registries, as well as all the analyses that are part of this thesis, were
approved by an ethics committee. The reference numbers of the ethical permits are:

e Study I: DNR 2012 406-31

e  Study II: DNR 2019-02698

e  Study III: DNR 2019-02698

e Study I'V: DNR 2019-02698
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4 RESULTS

Study I

Among a total of 42987 patients (mean age 76+12 years), 37% were female. More females
had HFpEF (55% of the whole HFpEF population) and more males had HFmrEF (61%)
or HFTEF (71%). Median follow-up was 2.2 years (range 0.9 to 4.1 years). Main baseline
characteristics according to sex and EF category are summarized in Table 1.

Table 1. Baseline Characteristics According to Sex and HF phenotype including Missing data.

Variables HFpEF HFmrEF HFrEF Missing
n=9957 n=9225 n=23805 Data
Males Females P Males Females P Males Females P n (%)
(n=4515, (n=544, (n=5596, | (n=3629, (n=16949, | (n=6856,
45%) 55%) 61%) 39%) 71%) 29%)
Demographics
‘(‘}59;)' ';‘,;a" | 75 (1) | 79 (10) <o.001| 73 (12) | 77 (1) <0.001| 71(12) | 74(12) |<0.001| ©
Caregiver at SwedeHF registration *# 2295 (5)
Inpatient 2811 (62%)|3868 (71%)|<0.001|2780 (50%)| 2215 (61%) [<0.001| 8958 (53%) |4076 (59%)|<0.001
Outpatient 1704 (38%)| 1574 (29%) 2816 (50%)| 1414 (39%) 7991 (47%) | 2780 (41%)
Specialty at SwedeHF registration *# 2637 (6)
Cardiology  [2008 (49%)|2439 (50%)| 0.96 |2800 (54%)|1712 (51%)| 0.003 | 9397 (57%) | 3644 (55%)| 0.002
Internal
medicine or {2052 (51%) (2487 (50%) 2409 (46%)| 1677 (49%) 7069 (43%) 2998 (45%)
Geriatrics
Follow-up referral specialty (physician specialty; not same as the HF nurse FUP)*#
Er”g‘tireyrccaa’fe 2034 (48%)| 2998 (60%)|<0.001|1880 (35%)| 1659 (49%) [<0.001| 4367 (27%) | 2463 (38%) [<0.001
Cardiology
orinternal {2169 (52%)|2014 (40%) 3417 (65%)| 1755 (51%) 11595 (73%)| 3999 (62%)
medicine
Follow-up referral to outpatient HF nurse clinic*# 2688 (6)
No [3002 (71%)[3870 (77%)[<0.001[3246 (61%)] 2299 (67%)[<0.001] 8237 (52%) [ 3742 (58%)[<0.001
Yes [1198 (29%)[ 1143 (23%)] [2047 (39%)[ 1113 (33%) | [ 7692 (48%) [2710 (42%) |
Clinical
. " 281
Duration of HF, months*# 06)
<6 [2155 (48%)[2597 (48%)[ 0.96 [2750 (49%)[1801 (50%)] 0.67 [8451 (50%) 3669 (54%)[<0.001
>6 [2323 (52%)[2803 (52%)] [2817 (51%)[ 1812 (50%) | 8384 (50%) [3144 (46%) |
NYHA*# 11816
(27)
I-11 1876 (64%)|1960 (59%)[<0.001[2873 (69%)| 1668 (66%) [<0.001| 7257 (55%) | 2590 (52%)|<0.001
11-1vV 1070 (36%)[ 1385 (42%) 1263 (31%)| 871 (34%) 5920 (45%) | 2438 (48%)
BMI, mean (SD), 23296
kgim2 *# 28 (6) 27 (7) 0.050 | 27 (5) 27 (6) 0.001 27 (5) 26 (6) |<0.001 (54)
<225 566 (24%) [<0.001| 390 (15%) | 391 (24%) [<0.001 892 (29%) |<0.001
330 (16%) 1485 (18%)
22.5-30 1120 (55%) | 1088 (47%)|<0.001{1507 (58%)| 798 (50%) |<0.001| 4872 (61%) [ 1525 (49%) [<0.001
>30 596 (29%) | 673 (29%) [<0.001[ 694 (27%) | 425 (26%) |<0.001| 1663 (21%) | 676 (22%) [<0.001
Mean arterial 93 (13) 93 (13) 0.14 | 93(13) 93 (13) 0.50 90 (13) 91 (13) 0.21 | 605 (1)
blood
pressure, mean
(SD), mmHg*#
Heart Rate,
mean (SD), 73 (15) 75(16) |<0.001| 72 (15) 75(16) |<0.001| 74 (16) 76 (16) |<0.001|2922 (7)
beats/min*#
Laboratory Values
eGFR, median |60 (44, 78) | 54 (39, 71) |<0.001|64 (47, 81) | 56 (41, 73) |<0.001| 65 (47, 82) | 58 (41, 76) [<0.001| 134
(IQR), ml/ (0.3)
min/1.73m? §*#
>60 2254 (50%)|2150 (40%)|<0.001[3166 (57%)| 1595 (44%) |<0.001| 9627 (57%) [ 3152 (46%) [<0.001
30-59 1864 (41%)[2599 (48%)[<0.001[2010 (36%)| 1629 (45%)|<0.001| 6078 (36%) | 2923 (43%) [<0.001
<30 388 (9%) | 668 (12%) |<0.001| 407 (7%) | 387 (11%) |<0.001| 1214 (7%) | 742 (11%) [<0.001
NT-proBNP, 1786 2221 <0.001 1963 2625 <0.001 2940 3618 <0.001| 29635
median (IQR), |[(764, 3980)|(991, 4690) (875, 4463)((1024, 5693) (1293, 6473)((1560, 8240) (69)
pg/mL*#
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Table 1. Continuing

Variables HFpEF HFmrEF HFrEF Missing
n=9957 n=9225 n=23805 Data

Males Females P Males Females P Males Females P n (%)

(n=4515, (n=544, (n=5596, | (n=3629, (n=16949, | (n=6856,
45%) 55%) 61%) 39%) 71%) 29%)
Concomitant Medications

RAS 3311 (74%)| 3749 (70%)|<0.001|4744 (85%)| 2904 (81%)[<0.001|15333 (91%)[6037 (89%)|<0.001| 294
inhibitors*# (0.7)
MRA*# 1139 (25%) 1461 (27%)| 0.070 (1259 (23%)| 909 (25%) | 0.004 | 5543 (33%) [2210 (32%)| 0.50 305
(0.7)

Digoxin*# 678 (15%) | 1117 (21%) [<0.001| 761 (14%) | 724 (20%) |<0.001| 2967 (18%) | 1220 (18%)| 0.63 246
(0.6)

Diuretic*# 3699 (82%)|4716 (87%)|<0.001(3950 (71%)|2892 (80%)|<0.001{13311 (79%)| 5588 (82%)|<0.001| 208
(0.6)

Nitrate*# 769 (17%) [ 1037 (19%)| 0.009 | 876 (16%) | 647 (18%) | 0.006 | 2596 (15%) | 1151 (17%) | 0.005 | 305
(0.7)

Beta-Blocker*# |3451 (77%)|4302 (80%)| 0.003 (4735 (85%)| 3132 (87%)| 0.029 |15226 (90%)| 6169 (90%)| 0.77 214
(0.5)

ICD and/or 58 (1.3%) | 46 (0.9%) |<0.001|151 (2.7%)| 49 (1.4%) |<0.001(1218 (7.3%)| 245 (3.6%) |<0.001| 432 (1)

CRT*#
History and Comorbidity

Smoking*# 9557
(22)

Never 1347 (39%) (2326 (61%)[<0.001(1689 (37%)| 1530 (57%) |<0.001| 4775 (35%) | 2784 (54%) [<0.001

Previous 1760 (51%)| 1100 (29%) 2263 (50%)| 853 (32%) 6832 (49%) | 1684 (32%)

Current 342 (10%) | 362 (10%) 567 (13%) | 280 (11%) 2217 (16%) | 719 (14%)
Hypertension*#|3121 (69%)|3935 (72%)[<0.001(3384 (60%)| 2440 (67%)|<0.001| 9002 (53%) | 3918 (57%) [<0.001 0
Diabetes 1345 (30%) | 1471 (27%)| 0.002 [1557 (28%)| 922 (25%) | 0.011 | 4669 (28%) | 1731 (25%) [<0.001 0
Mellitus*#

Ischemic heart |2203 (50%)(2291 (43%)[<0.001|3338 (61%)| 1792 (51%) [<0.001| 9767 (60%) | 3485 (53%)[<0.001|1478 (3)
disease*#

Atrial 2902 (64%)|3444 (63%)| 0.31 [3239 (58%)[2136 (59%)| 0.35 |8965 (53%) |3250 (47%)|<0.001 0
fibrillation/
flutter*#
Anemia*#$ 2095 (46%)|1983 (36%)|<0.001(2084 (37%)| 1110 (31%) |<0.001 | 5643 (33%) | 1863 (27%)|<0.001 3
Cancer 855 (19%) | 643 (12%) [<0.001| 828 (15%) | 400 (11%) |<0.001|2229 (13%) | 726 (11%) [<0.001 0
history*#
COPD*# 944 (21%) [1225 (23%)| 0.054 [ 940 (17%) | 683 (19%) | 0.013 | 2578 (15%) | 1216 (18%) [<0.001 0
Socio-economic variables
Family type*# 88 (0.2)
Living alone | 1864 (41%)|3893 (72%)[<0.001{2300 (41%)| 2393 (66%) |<0.001| 7264 (43%) | 4352 (64%) [<0.001
Married/ 2646 (59%)[1541 (28%) 3290 (59%)| 1234 (34%) 9627 (57%) | 2495 (36%)
cohabitating
Income £*# (20051)
< median 1844 (41%)[3817 (70%) [<0.001(2136 (38%)| 2443 (67%)|<0.001| 6622 (39%) | 4498 (66%) [<0.001
> median 2659 (59%)[1613 (30%) 3436 (62%)| 1177 (33%) 10213 (61%)[2328 (34%)

Abbreviations: HFpEF: heart failure with preserved ejection fraction; HFmrEF: heart failure with mid-range ejection fraction; HFrEF:
heart failure with reduced ejection fraction; fup: follow-up; NYHA: New York heart association; BMI: body mass index; eGFR: estimated
glomerular filtration rate; NT-proBNP: N-terminal pro-B-type natriuretic peptide; COPD: chronic obstructive pulmonary disease; RAS: renin-
angiotensin-system; MRA: mineralocorticoid receptor antagonist; ICD: implantable cardioverter defibrillator; CRT: cardiac resynchronization
therapy; SD: standard deviation; IQR: interquartile range. eGFR is calculated by the CKD-EPI formula, anemia defined as hemoglobin
<120 g/L in females and <130 g/L in males. *Variables included in multivariable models together with year of registration in SwedeHF. In
multivariable models, NT-proBNP has been categorized according to its different median value in HFpEF, HFmrEF and HFrEF; eGFR and
BMI were included as strata as defined in the Table; mean arterial pressure was categorized as > or < 90 mmHg; heart rate was categorized
as > or < 70 bpm; the income was categorized according its median value; number of children was categorized as < or >2. #Variables
included in the multiple imputation models together with year of registration in SwedeHF and time to and occurrence of the primary outcome
(continuous variables were stratified as in multivariable models). £ Disposable income earned during the year prior to the index date has
been considered. Disposable income is the amount of money that household have available for spending and saving after taxes have been
accounted for. Median (interquartile range) was 133600 (110200-176400) SEK
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Patient characteristics

Briefly, compared with males, females were older, had a more deprived socio-economic status,
were less likely followed up in a specialty care setting. Females had worse New York Heart
Association (NYHA) functional class and higher N-terminal pro—B-type natriuretic peptide
(NT-proBNP) levels. Among comorbidities, females more likely reported hypertension,
valve disease, chronic kidney disease, and lung disease, but less likely diabetes, ischemic
heart disease, and anemia. Atrial fibrillation/flutter prevalence was higher in males than in
females in the HFrEF group and similar in the other EF phenotypes.

Use of treatments

Regarding therapy, unadjusted analysis demonstrated for females lower probability to receive
RASI, devices (ICD and/or CRT) and higher probability to receive diuretics regardless of
EF. MRA, digoxin, and beta-blockers were more likely prescribed in females with HFpEF
and HFmrEF, but similarly in males vs females in HFrEF. After extensive adjustments for
confounding factors, use of RASI was similar in females vs males, whereas females were
more likely treated with beta-blockers and digoxin across the whole EF spectrum, and HFrEF
females were less likely to receive ICD and/or CRT (Figure 5).

RAS inhibitors OR (95% CI)
HFpEF —— 0.99 (0.85- 1.11)
HFmrEF —@—i 1.02(0.88-1.18)
HFrEF —— 1.12(0.99 - 1.26)
T B
HFpEF —— 1.38 (1.23 - 1.56)
HFmrEF —@— 1.39 (1.20 - 1.60)
HFrEF —— 1.32(1.19 - 1.48)
MRAs T

HFpEF = = 1.01(0.91-1.13)
HFmrEF —@— 1.09 (0.97 - 1.23)
HFrEF HOH 1.03 (0.97 - 1.11)
I
HFpEF 1.06 (0.92-1.23)

——
HFmrEF —@—i 1.01(0.88 - 1.16)
-

HFrEF 0.98 (0.90 - 1.08)
pigoxin T
HFpEF —— 1.35(1.18 - 1.55)
HFmrEF —@—  1.53(1.32-1.77)
HFrEF o 1.13(1.03 - 1.24)
I

HFpEF —l— 1.10 (0.96 - 1.26)
HFmrEF —o—i 1.07 (0.93-1.23)
HFrEF o 1.02(0.93-1.13)

ICD and/or CRT
HFrEF ——i 0.74 (0.63 - 0.87)
I T T T T 1
0.50 0.75 1.0 125 15 2.0
OR (log-scale)

Figure 5. Forest Plot Reporting the Use of Treatments in Females Versus That in Males After
Adjustments for Patient Characteristics.

ORs refer to females versus males. *p < 0.05. Cl = confidence interval; CRT = cardiac resynchronization therapy; HFpEF = heart
failure with preserved ejection fraction; HFmrEF = heart failure with mid-range ejection fraction; HFrEF = heart failure with reduced
ejection fraction; ICD = implantable cardioverter-defibrillator; MRA = mineralocorticoid receptor antagonist; OR = odds ratio; RAS
= renin angiotensin system.
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Prognosis (Table 2)

The crude risk of all-cause mortality/HF hospitalization was higher in females than in
males with HFpEF and HFmrEF but lower in HFTEF. After adjustments, females reported
significantly lower risk of all-cause mortality/HF hospitalization in all HF phenotypes.
Differences were greater for lower EF ranges as p for interaction between sex and EF
phenotype was statistically significant (Figure 6).

Table 2. Unadjusted and adjusted rates of study endpoints in females vs males across the EF spectrum.
Males Females
Event rate Event rate HR (95% CI) HR (95% Cl)
Eve?o})r ate (per 100 Eve?o})r ate (per 100 Unadjusted Adjusted Females
° patient-yrs) ° patient-yrs) |[Females vs. Males vs. Males
All-cause death/HF hospitalization
HPPEE 1 1920(427) | (1950 51 30) | 2595 (468) | (3 52 5y 73y |1:14(107-121)F | 0.93 (0.88-0.99)1
HFmrEF 17.45 2067
2,258 (40.4) | (1o 200 o) | 1601(44.0) | 1 205 1) | 116 (1.08-1.23)1 | 0.91 (0.85-097)¢
HFrEF 25.09 23.89
8,546 (50.4) | 1y an e 63y | 3302(482) | (53 0 50 72) | 095 (0.92-0.99)1 | 0.80 (0.77-0.84)1
All-cause death
HFpEF 16.27 17.54 o -
1,888 (418) | (1c on2700) | 23731436) | (16 50 18.26) | 107 (1LOI-114)* | 0.81(0.76-0.87)
HFmrEF | 2,009 (35.9) (12_115;71;30) 1,459 (40.2) (14;3;212_07) 119 (1.11-1.27)* | 0.82 (0.77-0.89)
HFIEF | 6433(380) | (135700 g0 | 2701(394) | 1, 052 1) | 106 (1.02-1.11)* | 0.80(0.74-0.84)
Cardiovascular death
9.49 1113 .
HFPEF | 1,102 (24.4) | (g 0200 021 | 1506(277) | (10 73] 74y | 117 (1.08-126)* | 0.82(0.76-0.89)
HFmrEF | 1231(220) | 32325) 917(253) | g 92;51% 2y | 122(1.12-1.32° | 0.78(0.72-0.86)
HFIEF | 4441(262) | 195f§70) 1844 (269) | 433‘(‘) 4g) | 105 (099-1.11)* | 0.75 (0.70-0.79)
Noncardiovascular death
6.77 6.41 .
HFPEF | 786(17.4) | (o177 26) | 86701590 | (gonpas) |094(085-104)*| 0.80(0.73-089)
HFmrEE | 778(139) | |, 5‘;3329) 542(150) | 253f6919) 1.15 (1.03-1.28)* | 0.90 (0.80-1.01)
HREF | 1992(118) |, 020, | 8570125) | (4 5%, |109(101-118)" | 0.89(0.82-097)
HF hospitalization
HFPEF | 1398 (310) | (14 07 15.62) | 1799 330) | (16 06 176y | 111 (103-119)F | 0.98 (0.91-1.05)1
HFmIEF | 1,665 (29.8) (12.2162;%73.50) 1,124 (31.0) (13.33?5.39) 1.10 (1.02-1.18)* | 0.94 (0.86-1.02)*
HFrEF | 6,686 (39.5) (19‘1179;3%.11) 2,439 (35.6) (16.35;61;36) 0.90 (0.86-0.94)t | 0.81 (0.77-0.86)*
Cardiovascular hospitalization
36.57 38.84 .
HFPEF | 2,498 (553) | (35 17 38.00) | 3950 (561) | (37 a0 a0.24) | 104 (0:99-110)7 | 0.97 (0.92-1.03)
HFmrEF | 2,985 (53.3) (30_311;212.24) 1,940 (53.5) (31.7373;23}1_73) 1.04 (0.98-1.10)* | 0.95 (0.90-1.01)*
HFEF | 9,759 (57.6) (36.2;217.96) 3,728 (54.4) (33.2;‘;53‘;66) 0.94 (0.90-0.97)t | 0.90 (0.86-0.93)*
Noncardiovascular hospitalization
43.62 4823
HFPEF | 2,778 (615) | 145 03 as.27) | 3399 (625) | (46 a anggy | 107 (1.02-1.13) | 0.99(094-1.04)
3337 38.73
HFMIER | 3,176 (56.8) | (3 33 3n.55) | 2116 (583) | (37 15 ao.ap) | 112 (106-1.19) | 0.99 (0.94-105)
HFEF | 8,678 (51.2) 29.26 3,587 (52.3) 32.06 1.08 (1.04-1.12) | 1.00 (0.96-1.04)
. 2) | (28.65-29.88) | > 3) | (31.02-33.12) | 1:08(1.04-1. 00 (0.96-1.

*Significant interaction (p < 0.05) in the sex ejection fraction category. TSignificant interaction (p < 0.01) in the

sex ejection fraction category. HR = hazard ratio; Cl = confidence interval; CV = cardiovascular.
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0 1 2 3 4 5 6 7 8 9 10
Time (Years)
—— HFpEF - Male —— HFmrEF - Male —— HFrEF - Male

--- HFpEF - Female --- HFmrEF - Female --- HFrEF - Female
Number at risk
HFpEF - Male 4,515 2,683 1817 1264 817 455 236 14 49 19 5
HFpEF - Female 5442 3146 2,067 1,393 867 466 237 113 50 25 15
HFmrEF - Male 5596 3,554 2,545 1,788 1,175 698 368 186 85 29 4
HFmrEF - Female 3,629 2188 1479 1,044 669 391 216 96 49 17 5
HFrEF - Male 16,949 9442 6481 4,514 2969 1789 1001 496 228 74 15

Figure 6. Kaplan-Meier Unadjusted Curves for Time to All-Cause Mortality/HF Hospitalization in

Females Versus That in Males According to HF Phenotype.
Abbreviations: HFpEF = heart failure with preserved ejection fraction; HFmrEF = heart failure with mid-range ejection fraction;
HFrEF = heart failure with reduced ejection fraction; HR = hazard ratio.

The unadjusted risk of all-cause, CV and non-CV mortality was higher in females than in
males across the EF spectrum. However, after adjustments, females reported a lower risk of
all-cause death and CV mortality. Risk of non-CV death was also significantly lower in females
than in males in the HFpEF and HFrEF groups, and of borderline statistical significance in
HFmrEF, in the absence of a significant interaction between sex and EF (Figure 7).
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Figure 7. Kaplan-Meier Unadjusted Curves for Time to All-Cause Mortality, Time to Cardiovascular Death,
and Time to Non-Cardiovascular Death in Females Versus Those in Males According to HF Phenotype
Abbreviations. Cl = confidence interval; CV = cardiovascular; other abbreviations as in Figure 6.

There were no sex-based differences in the risk of CV hospitalization in HFpEF and HFmrEF
but significantly lower risk in females than in males with HFrEF in unadjusted and adjusted
analysis, with a statistically significant interaction between sex and EF. No differences in
risk of non-CV hospitalization were observed after adjustments. Unadjusted risk of HF
hospitalization was higher in females than in males in HFpEF and HFmrEF but lower in
females than in males with HFrEF. After adjustments, results in HFTEF were confirmed
but no sex-based differences in risk were observed in HFpEF and HFmrEF patients, with a
statistically significant interaction between sex and EF (Figure 8).
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Figure 8. Kaplan-Meier Unadjusted Curves for Time to HF Hospitalization, Time to CV Hospitalization, and

Time to Non-Cardiovascular Hospitalization in Females Versus Those in Males According to HF Phenotype.
Abbreviations as in Figure 6 and Figure 7

Prognostic predictors

Independent predictors of mortality/ HF hospitalization were overall similar across sexes
and HF phenotypes (Figure 9). Main patient characteristics associated with worse prognosis
regardless of sex and EF were longer HF duration, higher NT-proBNP, ischemic etiology,
chronic kidney disease, and atrial fibrillation. Few sex-related differences in prognostic
predictors were found: diabetes and NYHA class were associated with increased risk of
outcome regardless of EF and sex, but they predicted higher risk in males than in females
with HFrEF. In HFmrEF, anemia was a prognostic predictor only in males. The association
of age with the increased risk of outcome was evident across the range of EF, but stronger in
males than in females with HFmrEF. Obesity was associated with a statistically significant
increased risk of outcome in males but not in females with HFpEF and HFrEF in the absence
of any significant statistical interaction between BMI and sex.

HFpEF HFmrEF HFIEF
HR (95% CI) HR (95% CI) HR (95% CI)
Age
(> vs. <= 75 years) —— 1.46(1.30- 1.63) 1.24(1.09-1.41) 1.17(1.08-1.27)
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Figure 9. Forest Plot Reporting Selected Predictors of All-Cause Mortality/HF Hospitalization in

Females Versus Those in Males According to HF Phenotype
*Significant interaction between sex and variable of interest (p < 0.05). BMI = body mass index; COPD = chronic obstructive pulmonary disease;
eGFR = estimated glomerular filtration rate; NT-proBNP = N-terminal pro—B-type natriuretic peptide; other abbreviations as in Figure 6.
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Study II

Among 6562 patients aged >80 years (median age 84, interquartile range: 82—87, 34.7% wom-
en) fulfilling the inclusion criteria, 5640 (86%) were treated with beta-blockers and 922 (14%)
were untreated. Median follow-up was 1.76 (interquartile range: 0.64-3.39) years. Treated
patients received target dose in 21.1% of the cases, 50-99% target dose in 36.4% and <50% in
42.5%. Propensity score matched analysis included 1732 patients, 866 (50%) treated and 866
(50%) untreated. Matched beta-blocker users received target dose in 19.0% of the cases, 50-
99% target dose in 33.4% and <50% in 47.6%.

Baseline characteristics in treated vs untreated patients are summarized in Table 3. Patients
treated with beta-blockers were younger, more likely female and followed up in specialist care,
had less severe HF, higher BMI, different pattern of co-morbidities and higher use of pharma-
cological and device therapies except for MRA. Consequently, in the overall cohort, propensity
scores were differently distributed across the study arms (Figure 10). After matching, there
were no statistically significant differences in baseline characteristics between beta-blocker
users and non-users (Figure 10 and Table 3).

Table 3. Baseline characteristics of patients >80 years old in the overall and matched cohort
Overall cohort Matched cohort
Beta-blocker Beta-blocker p- Beta-blocker Beta-blocker | Absolute
non-users users value non-users users standard-
ized
difference*
n 922 (14%) 5640 (86%) 866 (50%) 866 (50%)
Age (years, mean (SD))*® 85.4 (4.2) 84.6 (3.6) <0.001 85.2 (4.0) 85.3 (3.8) 1.1%
Sex = Female (%)*° 30.5 35.4 0.004 30.9 31.5 1.2%
Location = Out-patient (%)= 36.7 40.2 0.052 37.5 34.9 5.5%
ggg‘;‘l’;ﬁ‘; (L‘/:‘;jt"’" - 36.6 47.0 <0.001 38.5 39.2 1.5%
NYHA class (%)*® <0.001 3.8%
NYHA-I 5.7 3.5 4.8 4.0
NYHA-II 31.9 37.6 33.3 33.4
NYHA-III 51.7 51.8 52.0 52.6
NYHA-IV 10.7 71 9.9 10.0
EF =30 - 39% (%)>° 55.3 53.8 0.385 55.5 54.0 3.8%
Clinical measures
BMI (kg/m?, mean (SD)) 24.3 (4.2) 25.1 (4.3) 0.001 24.4 (4.2) 24.5(4.0) 2.9%
SBP (mmHg, mean (SD)) 124.8 (19.8) 124.7 (20.1) | 0.862 | 124.9(19.7) 123.9 (20.5) 4.9%
DBP (mmHg, mean (SD)) 69.3 (11.5) 70.4 (11.3) 0.008 69.3 (11.6) 70.0 (11.3) 6.0%
MAP (mmHg, mean (SD))=® 87.8 (12.5) 88.5 (12.5) 0.122 87.8 (12.6) 87.9 (12.6) 1.0%
Healft Rate (bpm, 72.0 72.0 0.611 72.0 71.0 4.7%
median [IQR])=° [63.0, 82.0] [64.0, 82.0] [63.0, 82.0] [63.0, 82.0]
<60 bmp 14.4% 12.2% 14.6% 11.6%
eGFR (mL/min/1.73m?, 45.3 44.5 0.222 44.9 451 1.4%
median [IQR])*° [34.2, 59.6] [33.5, 58.0] [34.1, 59.4] [33.6, 59.0]
>60 24.9% 22.3% 24.4 23.4
30-60 57.3% 59.2% 57.8 57.8
<30 17.9% 18.5% 17.9 18.8
NT—proBNP (pglL, 4773.5 5228.5 0.195 4761.0 5711.0 14.6%
median [IQR]) [2106.3, 10454.8] |[2410.0, 11805.3] [2143.5, 9926.0] | [2456.5, 13234.5]
Smoking (%)>° 0.966 7.6%
never 51.6 52.0% 50.6 52.5
former 44.2 43.7% 45.0 44.5
current 4.2 4.3% 4.4 3.0
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Table 3. Continuing

Overall cohort Matched cohort
Beta-blocker | Beta-blocker p- Beta-blocker | Beta-blocker | Apsolute
non-users users value | non-users users standard-
ized
difference*
Medical history (%)
Atrial fibrillation » © 65.5 68.4 0.088 65.9 67.1 2.4%
Anemia®® 50.0 447 0.003 48.7 49.8 2.1%
COPD®® 15.2 15.9 0.641 15.7 13.3 6.9%
Dilated Cardiomyopathy *® 10.1 9.8 0.797 9.6 1.3 5.7%
Diabetes ®® 21.9 28.9 <0.001 22.6 225 0.3%
Hypertension 2 ® 58.8 69.2 <0.001 60.9 62.1 2.6%
Ischemic heart disease ° 66.8 74.4 <0.001 68.4 70.2 4.0%
Peripheral artery disease ®° 16.3 13.3 0.016 16.3 16.2 0.3%
Stroke and/or TIA®® 19.3 20.1 0.604 19.7 19.4 0.9%
Valvular disease ° 40.9 38.5 0.178 41.2 40.9 0.7%
ngﬂ,'” the previous 3 14.1 12.9 0.346 14.0 14.8 2.3%
Dementia 24 2.6 0.828 24 24 0.1%
Procedures (%)
Coronary revascularization ° 32.8 37.1 0.012 33.6 34.2 1.2%
Devices$ & 3.3 5.5 0.008 3.5 2.5 5.4%
CRT or ICD 3.3 5.4 0.008 3.5 2.5 5.4%
ga‘ﬁ’;‘i':e;;g:;%r) 19.2 195 19.2 206
No device 80.0 78.9 80.0 78.8
Medication use (%)
RAS-inhibitors 2 ® 72.4 81.7 <0.001 75.5 73.7 4.1%
MRA &® 32.3 325 0.958 32.8 349 4.4%
Digoxin 2.® 15.6 171 0.281 15.8 17.6 2.1%
Diuretics >® 89.9 91.0 0.321 90.6 90.0 2.1%
Statins = 31.4 444 <0.001 33.4 35.0 3.4%
Anticoagulants ®®° 345 423 <0.001 36.0 36.6 1.3%
Anti-platelets & ° 50.9 53.0 0.256 52.4 50.6 3.6%
Nitrates 2 242 28.0 0.018 24.9 26.5 3.5%
Social economic characteristics (%)
Marital status ° 0.723 2.3%
Married 45.7 47.0 46.9 457
Single 15.8 15.2 15.1 15.5
Widowed 38.5 37.8 38.0 38.8
Education level & 0.867 3.3%
Compulsory school 57.9 57.4 57.3 58.9
Secondary school 30.5 31.3 31.2 30.0
University 11.6 11.3 11.5 1.1
Income > median &° 42.2 42.8 0.763 42.7 41.6 2.3%

NYHA: New York heart association; BMI: Body mass index; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; MAP: Mean arterial pressure; eGFR:
Estimated glomerular filtration rate (calculated by CKD-epi formula); COPD: Chronic obstructive pulmonary disease; TIA: Transient ischemic attack; CRT:
Cardiac resynchronization therapy; ICD: Implantable cardioverter defibrillator; RAS-inhibitor: Renin-angiotensin-system inhibitor; MRA: Mineralocorticoid
receptor antagonist; SD: Standard deviation; IQR: Interquartile range.

a = variables included in multiple imputation together with index year, duration of HF, the composite outcome, and beta-blocker use (yes/no);

b = variables included to estimate the propensity score together with index year and duration of HF.

* = Absolute standardized differences are defined as the difference in means, proportions or ranks divided by the mutual standard deviation

§ = The variable devices was included in the multiple imputation and propensity score models as yes (CRT or ICD) /no.
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Figure 10. Kernel density plot reporting the propensity score distribution in the overall (n = 6562) and
matched (n = 1720) cohort of patients >80 years of age by treatment arm.

Outcome Analysis

All-cause mortality. In the overall cohort 4658 (71%) patients died from any cause over a
median follow-up of 1.76 (interquartile range: 0.64-3.39) years. The 5-year rate of all-cause
death was 32.2 per 100 patient-years for beta-blocker users vs. 42.8 per 100 patient-years for
non-users, with a HR of 0.76 (95% CI 0.71-0.83) (Figure 11A). After matching, the 5-year
event rate was 36.7 vs. 41.8 per 100 patient-years for beta-blocker users vs non-users (HR 0.89,
95% CI 0.79-0.99). In the unmatched overall cohort, the use of beta-blocker was associated
with lower 5-year all-cause mortality adjusting rather than matching for the propensity score
(HR 0.89, 95% CI 0.82-0.97).

There were no significant interactions between beta-blocker use and any variable defining the
subgroups of interest (including atrial fibrillation) (Figure 12A).

Composite outcome (CV mortality or HF hospitalization). In total, 4701 (71.6%) CV mortality/
HF hospitalization events were observed. The 5-year event rate for beta-blocker users was
lower compared with non-users (46.7 vs. 58.8 per 100 patient-years, HR 0.83, 95%CI 0.76
—0.90) (Figure 11B). In the matched cohort, the 5-year event rate for beta-blocker users was
54.4 vs. 58.2 per 100 patient-years in non-users with a non statistically significant reduction
in risk for beta-blocker users (HR 0.94, 95% CI 0.85-1.05). However, adjusting rather than
matching for propensity score yielded a statistically significant association between beta-
blocker use and lower risk of the composite outcome (HR 0.90, 95% CI 0.83—0.97). Results
were consistent across the subgroups of interest (Figure 12B). When CV mortality and HF
hospitalization were assessed separately, the crude risk of CV mortality was lower in beta-
blocker users vs non-users (23.2 vs. 32.0 per 100 patient-years, respectively, HR 0.74, 95% CI
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0.67 — 0.81). After matching beta-blocker users had a lower 5-year risk of CV death (event rate
26.2 vs. 31.1 per 100 patient-years in beta-blocker users vs non-users, HR 0.86, 95% CI 0.75
— 0.97). The lower risk of CV mortality in beta-blocker users was consistent after adjusting
rather than matching for the propensity score (HR 0.87, 95% CI 0.79 — 0.95). Concerning
the risk of HF hospitalization, 5-year event rate in beta-blocker users vs non-users was 33.8
vs. 40.4 per 100 patient-years (crude HR 0.87, 95% CI 0.79-0.96), whereas in the matched
cohort was 38.5 vs. 41.0 per 100 patient-years for beta-blocker users vs. non-user, with a non
statistically significant lower risk of HF hospitalization for beta-blocker users (HR 0.94, 95%
CI 0.83-1.07). However, the propensity-adjusted association in the whole cohort showed a
lower risk of HF hospitalization in beta-blocker users compared with non-users (HR 0.90, 95%
CI 0.82-0.99).
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Figure 11. Kaplan—Meier curves for the association between beta-blocker use and all-cause mortality
and the composite outcome (cardio- vascular mortality or heart failure hospitalization). (A) and (B)
patients aged >80 years. (C) and (D) patients aged <80 years (positive control analysis).
Cl, confidence interval; HR, hazard ratio.
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HR (956% CI) _p-interaction HR (95% CI) _p-interaction
Sex 0.92 Sex 0.87
Male —— 0.89(0.78,1.01) Male —- 0.94(0.82,1.07)
Female ——— 0.90 (0.74, 1.09) Female —— 0.96(0.79, 1.16)
Location 0.49 Location 0.91
In-patient —— 0.90 (0.7, 1.02) In-patient — 0.93(0.82, 1.06)
Out-patient —— 0.82(0.67,1.01) Out-patient —a— 0.92(0.76,1.11)
NYHA class 0.65 NYHA class 0.53
" ——t 0.88(0.70, 1.10) w —l— 099(0.79,125)
v —— 0.94(0.80, 1.10) v —— 0.91(0.77,1.07)
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30-39% —— 0.94(0.81,1.09) 30-39% —— 0.94(0.81,1.10)
eGFR 0.28 eGFR 0.16
> 60 mUmin/1.73m2 —— 0.75(0.59, 0.94) > 60 mUmin/1.73m2 —a— 0.83(0.65, 1.04)
30 - 60 mUmin/1.73m2 — 0.93(0.80, 1.07) 30 - 60 mimin/1.73m2 ——— 1.03(0.89, 1.18)
<30 mUmin/1.73m2 — 0.91(0.72,1.15) <30 mUmin/ 73m2 — 0.83(0.65, 1.06)
Atrial fibrillation 0.61 Atrial fibrillation 07
No —— 0.92(0.76,1.12) No —— 0.91(0.76, 1.10)
Yes —— 0.87(0.76,0.99) Yes —_—— 0.96 (0.84, 1.09)
Diabetes 0.63 Diabetes 06
No — | 0.88(0.77,099) No —E— 093(0.82,1.05)
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Hypertension 0.19 Hypertension 0.48
No —— 0.97 (0.82,1.15) No —— 0.99(0.83,1.17)
Yes —a— 0.84(0.73,0.96) Yes ——T 0.91(0.79, 1.05)
Ischemic heart disease 0.36 Ischemic heart disease 0.54
No —_— 0.96(0.78,1.17) No —— 0.99(0.80, 1.21)
Yes —— 0.85(0.75,0.97) Yes — 0.91(0.80, 1.04)
COPD 021 COPD 0.28
No —— 0.87(0.77,0.97) No — 0.92(0.82,1.04)
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Figure 12. The association between beta-blocker use, all-cause mortality and the composite of cardio-
vascular mortality and heart failure hospitalization in prespecified subgroups in the matched cohort
>80 years of age.
Cl, confidence interval; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate (calculated by the
Modification of Diet in Renal Disease formula); HR, hazard ratio; NYHA, New York Heart Association.

Safety outcome. No statistically significant difference in the 5-year risk of hospitalization for
syncope in beta-blocker users vs. non-users was observed in the overall cohort (crude HR 1.09,
95% CI 0.69—1.71), in the propensity score matched (HR 1.04, 95% CI 0.69—-1.58) and in the
propensity score adjusted analysis (HR 1.03, 95% CI 0.65-1.64).

Positive control and falsification (negative control) analysis. In the positive control analysis
(patients <80 years of age, n =13 351, 93.3% treated with beta-blockers), the crude risk (event
rates 11.0 vs. 16.8 per 100 patient-years, HR 0.66, 95% CI 0.60 — 0.73) and the risk in the
matched population (12.1 vs. 15.5 per 100 patient-years, HR 0.79,95% CI 0.68 — 0.92) for
S-years mortality were lower in beta-blocker users vs non-users, as well as the risk of the com-
posite outcome was lower in beta-blocker users vs non-users in both the overall cohort (event
rates 23.5 vs. 31.9 per 100 patient-years, HR 0.77, 95% CI 0.70 — 0.84) and after matching for
the propensity score (event rates 25.2 vs. 30.0 per 100 patient-years, HR 0.88, 95% CI 0.77
—0.99). Similar results were obtained when we adjusted rather than matching for propensity
score in the overall cohort. Secondary outcome analysis reported results that were consistent
with the >80 years cohort.

As a falsification analysis, we assessed the risk of 5-years hospitalization for cancer and dem-
onstrated that in the propensity score matched study cohort use of beta-blocker was not associ-
ated with a lower risk of outcome (HR 1.04, 95% CI 0.69—-1.58). The propensity score adjusted
model in the overall cohort yielded a similar neutral association between use of beta-blocker
and the 5-year risk of hospitalization for cancer (HR 0.97, 95% CI 0.70—1.36). Corresponding
HRs in the cohort aged <80 years were also not significant.
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Study III

Patients characteristics

In 27430 HFrEF patients (27% females), mean age was 74+12 years (31% <70 years old,
34% being 70-79 years old and 35% >80 years old). The proportion of females increased with
aging. Main characteristics of the study patients are summarized in Table 4. Older patients
were more likely to be registered as in-patients and less likely followed up in a specialty
care setting. They had a more deprived socio-economic status, a longer and more severe HF
(higher NYHA class and NT-proBNP) and a higher comorbidity burden (e.g. kidney disease,
atrial fibrillation/atrial flutter, anemia, hypertension, valve disease, ischemic heart disease,
history of stroke/transient ischemic attack, cancer, musculoskeletal disease/connective tissue
disease, dementia and depression).

Table 4. Main characteristics of the study population according to age category.

Age category

Total <70 years [70-79 years [280 years |p-value
27430 18515 (31%) (9392 (34%) 9523 (35%)

Demographics

Age, yrs', mean (SD) 74 (12) 60 (9) 75 (3) 85 (4) <0.001

Female', n (%) 7484 (27) |1836 (22) (2428 (26) [3220(34) [<0.001

Caregiver at SwedeHF registration”, n (%) <0.001

Inpatient 10079 (37) [2188(26) [3038(32) [4853(51)

Outpatient 17351 (63) (6327 (74) |6354 (68) [4670 (49)

Follow-up referral to outpatient HF nurse-led clinic', n (%) <0.001

No 12155 (47) (3127 (38) [3876 (44) [5152 (58)

Yes 13679 (53) (4990 (62) (4982 (56) [3707 (42)

Follow-up referral specialty”, n (%) <0.001

Hospital 17788 (68) (7035 (85) (6520 (73) [4233 (47)

Primary care 7519 (29)  |998 (13) 2156 (24) [4365 (49)

Other 828 (3) 194 (2) 281 (3) 353 (4)
Socio-economic

Family type’, n (%) <0.001

Cohabitating 14463 (53) (4538(54) [5378(57) |4547 (48)

Living alone 12931 (47) [3951(46) |4008 (43) [4972 (52)

Education”, n (%) <0.001

Compulsory 12155 (45) [2775(33) [4233(46) [5147(55)

Secondary 10508 (39) 4021 (48) [3498 (38) [2989 (32)

University 4197 (16) [1573 (19) [1465 (16) [1159 (13)

Income’, n (%) <0.001

Low 9589 (35) 2606 (31) [3313(35) [3670(39)

Medium 10537 (39) (2356 (28) |4026 (43) |4155 (44)

High 7268 (26) [3527 (41) [2047 (22) (1694 (17)

Children', n (%) 22792 (83) |6434 (76) (8026 (85) [8332(88) [<0.001
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Table 4. Continuing

Age category

Total <70 years |70-79 years 280 years

27430 18515 (31%) 9392 (34%) 9523 (35%) |p-value

Clinical
HF duration < 6 months", n (%) 5467 (20) [2052 (24) [1771(19) [1644 (17) |<0.001
BMI category, kg/m27, n (%) <0.001
<22.5 627 (13) 901 (17) 1566 (29)
22.5-30 2443 (52) [3095 (59) [3177 (58)
>30 1641 (35) [1269 (24) |698 (13)
NYHA class llI-IV', n (%) 10798 (50) [2737(39) [3862(51) (4199 (61) [<0.001
Blood pressure, mmHg, mean (SD)
Systolic 122 (20)  [121(20) [122(20) [123(20)  [<0.001
Diastolic 71 (12) 73 (12) 71 (11) 70 (11) <0.001
Mean" 88 (13) 89 (13) 88 (13) 88 (13) <0.001
Heart rate, bpm?, mean (SD) 73 (15) 72 (15) 73 (15) 74 (15) <0.001
LVEF<30%", n (%) 13410 (49) (4394 (52) 4627 (49) 14389 (46) (<0.001
QRS duration, msec, mean (SD) 125 (32) 120 (30) 126 (32) 128 (32) <0.001
left bundle-branch block, n (%) 5880 (28) 1478 (22) (2048 (29) [2354(32) |<0.001

Laboratory
Hb, g/I, mean (SD) 132 (17) 137 (17) 132 (17) 127 (16) <0.001
Potassium, mEq/l, median (Q1,Q3) 4.3 (4.0, 4.6)[4.3 (4.0, 4.6)2':)(4‘0’ 4.2 (3.9, 4.5)<0.001
Dyskalemia’, n (%) <0.001
Hypokalemia 780 (4) 184 (3) 252 (3) 344 (5)
Normakalemia 19647 (91) [6289(93) 6829 (92) |6529 (90)
Hyperkalemia 1032 (5) 296 (4) 385 (5) 351 (5)
eGFR category, ml/min/1.73m2", n (%) <0.001
<30 3238 (12) |428(5) 954 (10)  [1856 (20)
30-60 12191 (45) [2054 (25) 4583 (50) [5554 (59)
>60 11486 (43) [5850 (70) [3653 (40) (1983 (21)
NT-proBNP, pg/ml', median (Q1,Q3) égiz)umo’ 1223)(509’ 23331(1165, igggl()zsn’ <0.001
Comorbidities

Atrial fibrillation/atrial flutter”, n (%) 16343 (60) (3807 (45) |5925(63) [6611(69) (<0.001
Smoking?, n (%) <0.001
Current 2553 (12) [1480 (21) |[785(11) [288 (4)
Former 10169 (47) [3212(47) [3852(51) [3105 (43)
Never 8845 (41) 2211 (32) [2846 (38) [3788 (53)
Anemiat?, n (%) 9625 (37) 2063 (26) (3278 (38) (4284 (47) |<0.001
Diabetes", n (%) 8922 (32) [2807(33) [3453(37) [2662(28) [<0.001
Hypertension?, n (%) 17480 (64) [4694 (55) 6238 (66) [6548 (69) [<0.001
Valve disease’, n (%) 8346 (31) [1906 (23) [2866 (31) [3574(38) [<0.001
Ischemic heart disease’, n (%) 18351 (67) 4610 (54) [6673 (71) (7068 (74) [<0.001
Previous revascularization, n (%) 11493 (42) (3194 (37) 4505 (48) [3794 (40) [<0.001
Peripheral Artery disease’, n (%) 3158 (11) 729 (9) 1318 (14) [1111(12) [<0.001
Stroke or transient ischemic attack’, n (%) 5802 (21) [1281 (15) [2072(22) [2449(26) [<0.001
COPD™, n (%) 4289 (16) |1161(14) [1705(18) [1423(15) [<0.001
Liver disease’, n (%) 759 (3) 450 (5) 190 (2) 119 (1) <0.001
Cancer history last 3 years”, n (%) 4025 (15) (692 (8) 1505 (16) [1828 (19) [<0.001
Muscoloskeletal/connective tissue disease
last 3 o n(%/\ 8844 (32) 2293 (27) [3170(34) [3381(35) [<0.001
Dementia’, n(%) 538 (2) 31 (0.4) 206 (2) 301 (3) <0.001
Depression?, n(%) 1163 (4) 474 (6) 362 (4) 327 (3) <0.001
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Table 4. Continuing

Age category
Total <70 years [70-79 years >80 years |p-value
27430 8515 (31%) (9392 (34%) (9523 (35%)
Therapy and devices

RASI/ARNI", n (%) 23904 (88) (7995 (95) (8384 (90) (7525 (80) 0.001
RASI, n (%) 22732 (83) [7375(87) [7917(85) |[7440(79) [<0.001
ARNI, n (%) 1349 (17) [669 (25) 524 (17) (156 (7) <0.001
RASI target dose, n (%) <0.001
<50% 6490 (29)  [1405 (19) [2165 (27) (2920 (39%)
50-99% 6157 (27) 1741 (24) [2129(27) (2287 (31%)
>100 10056 (44) 4222 (57) [3612 (46) [2222 (30%)
ARNI target dose, n (%) 0.005
<50% 311(23) [140(21) [120(23) [51(33)
50-99% 472 (35)  [223(33)  [198(38) |51 (33)
2100 566 (42) 306 (46) 206 (39) |54 (34)
Beta-blocker?, n (%) 25094 (92) (8049 (95) [8734(93) [8311(88) [<0.001
Beta-blocker target dose, n (%) <0.001
<50% 7237 (29) [1692 (21) [2332(27) [3213 (40)
50-99% 8490 (35) 2608 (33) [3038 (35) (2844 (35)
>100% 8901 (36) [3645 (46) (3209 (38) [2047 (25)
MRAY, n (%) 12360 (45) (4572 (54) |4433 (47) [3355(35) [<0.001
MRA target dose, n (%) <0.001
<50% 864 (13) 239 (9) 319 (13) 06 (19)
50-99% 4769 (71) |1820(70) (1802 (73) [1147 (72)
>100% 1052 (16) (550 (21) 356 (14)  [146(9)
Diuretics, n (%) 22593 (83) |6238(74) [7751(83) (8604 (91) [<0.001
Digoxin', n (%) 4281 (16) [1260 (15) [1537 (16) [1484 (16) [0.015
Antiplatelet therapy', n (%) 11840 (43) 3497 (41) |[3935(42) 14408 (47) [<0.001
Anticoagulant therapy?, n (%) 13445 (49) 3836 (45) |5121(55) (4488 (47) [<0.001
Statin’, n (%) 14569 (53) 4653 (55) (5738 (61) 4178 (44) [<0.001
Nitrates", n (%) 4708 (17) (781 (9) 1536 (16) [2391(25) [<0.001
ICD™, n (%) 3755 (19) [1803 (29) [1529 (22) 1423 (7) <0.001
CRT™, n (%) 3141 (37) [1140(50) [1309 (42) [692(23)  [<0.001

Values are mean (SD), n (%), or median (Q1,Q3). "Calculated by the CKD-EPI formula. tAnemia, defined as hemoglobin <120 g/I in
females and <130 g/l in males. 9 Variables included in the multiple imputation models and as covariates in the multivariable models.
*among patients with indication according to current guidelines (see methods). Legend: ARNI=angiotensin receptor neprilysin
inhibitors; BMI=body mass index; CKD-EPI=Chronic Kidney Disease Epidemiology Collaboration; COPD=chronic obstructive
pulmonary disease; CRT=cardiac resynchronization therapy; eGFR=estimated glomerular filtration rate; Ho=hemoglobin; HF=heart
failure; ICD=implantable cardioverter cardioverter-defibrillator; LVEF=left ventricle ejection fraction; MRA=mineralocorticoid
receptor antagonists; NT-proBNP=N-terminal pro—B-type natriuretic peptide; NYHA=New York Heart Association; RASI =renin-
angiotensin system inhibitors
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Use of HF treatments according to age (Figures 13 and 14)

In the overall population, 88% received RASI or ARNI, 17% ARNI, 92% beta-blocker and 45%
MRA. Use of medical treatments steadily decreased with aging. Of patients >80 years old, 78%,
7%, 88% and 35%, received treatment with RASI, ARNI, beta-blocker and MRA, respectively.
Target dose of medications was achieved in less than 50% of the total study population (44%
for RASI/ARNI, 36% for beta-blocker and 16% for MRA), with older vs. younger patients less
likely to be treated with target dose or to receive combinations of HF treatments.

In patients with an indication for a HF device (ICD=19444 patients; CRT=8444 patients),
19% had an ICD and 37% a CRT. The crude use of ICD and CRT was nearly 4-fold and
2-fold lower in patients >80 vs. <70 years old, respectively.

After comprehensive adjustments, there was still a significant independent association
between older age and non-use and lower use of target dose of antineurohormonal drugs, and
lower use of ICD but not of CRT.

A Guideline-directed medical therapy use across age strata |T°ta| popuhtion 27,430 Ptsl
1009 95 95 g3
= o g5 = <70 years 70-79 years =80years
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Figure 13. Use of guideline-directed medical therapy across age strata in heart failure with reduced
ejection. Panel A. Crude rate of guideline-directed medical therapy use in the overall cohort and
across age strata. Panel B. Combined use of heart failure drugs in the overall cohort and across age

strata. Panel C. Crude use of heart failure devices across age strata.
ARNI rates refer to patients enrolled from 2016 onward. Dashed lines indicate the rates of implantation in the total population.

GDMT = guidelines-directed medical therapy. Other abbreviations as in Table 1.
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Figure 14. Percentage of target dose achievement for guideline-directed medical therapies in the
overall cohort and across age strata. Abbreviations as in Table 1. Doses of MRA were available from 2015.
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Age-related differences in the use of HF treatments in specific subgroups

Use of treatments was overall lower in older vs. younger patients in all the explored subgroups
(Table 5).

Females in the <70 years old category were less likely treated with RASI/ARNI and beta-
blocker compared with males. Use of ARNI was lower in females vs. males aged >70 years.
Use of devices was consistently lower in females across all the age categories. After extensive
adjustments, older age was independently associated with non-use of RASI/ARNI and
beta-blocker in males but not in females, whereas for MRA this association was consistent
regardless of sex.

Table 5. Use of guideline-directed medical therapy across subgroups.
Age category
Total <70 years 70-79 years 280 years
27430 8515 (31%) 9392 (34%) 9523 (35%)
RASI/ARNI
Sex, %
Male (n=19,946) 88 95 90 80
Female (n=7,484) 87 93 91 80
p-value <0.001 0.005 0.434 0.556
Dyskalemia, %
Hypokalemia (n=780) 72 86 75 63
Normakalemia (n=19,647) 89 95 91 82
Hyperkalemia (n=1,032) 88 93 89 83
p-value <0.001 <0.001 <0.001 <0.001
eGFR category, ml/min/1.73m2, %
<30 (n=3,238) 65 75 66 62
30-60 (n=12,191) 87 92 91 83
>60 (n=11,486) 95 97 95 88
p-value <0.001 <0.001 <0.001 <0.001
Caregiver at SwedeHF registration, %
Inpatients (n=10,079) 79 90 82 72
QOutpatients (n=17,351) 93 96 94 88
p-value <0.001 <0.001 <0.001 <0.001
ARNI
Sex, %
Male (n=19,946) 18 25 20 7
Female (n=7,484) 12 24 11 5
p-value <0.001 0.612 <0.001 0.036
Dyskalemia, %
Hypokalemia (n=780) 9 18 9 3
Normakalemia (n=19,647) 17 25 18 7
Hyperkalemia (n=1,032) 20 28 21 11
p-value 0.005 0.351 0.081 0.049
eGFR category, ml/min/1.73m2, %
<30 (n=3,238) 7 13 9 3
30-60 (n=12,191) 15 27 19 7
>60 (n=11,486) 21 26 18 9
p-value <0.001 0.017 0.001 0.002
Caregiver at SwedeHF registration, %
Inpatients (n=10,079) 4 12 3 1
Outpatients (n=17,351) 19 26 20 9
p-value <0.001 <0.001 <0.001 <0.001
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Table 5. Continuing

Age category
Total <70 years 70-79 years 280 years
27430 8515 (31%) 9392 (34%) 9523 (35%)
Beta-blocker
Sex, %
Male (n=19,946) 92 95 93 87
Female (n=7,484) 91 93 94 89
p-value 0.167 <0.001 0.363 0.020
Heart rate, %
>70 bpm (n=12,819) 91 94 93 87
<70 bpm (n=13,285) 93 96 94 88
p-value <0.001 <0.001 0.093 0.082
Atrial fibrillation, %
Yes (n=16,343) 92 95 93 88
No (n=11,087) 92 95 93 86
p-value 0.402 0.403 0.696 0.005
Caregiver at SwedeHF registration, %
Inpatients (n=10,079) 88 93 91 86
Outpatients (n=17,351) 93 95 94 90
p-value <0.001 <0.001 <0.001 <0.001
MRA
Sex, %
Male (n=19,946) 46 54 48 35
Female (n=7,484) 43 53 47 36
p-value <0.001 0.136 0.350 0.849
Dyskalemia, %
Hypokalemia (n=780) 39 47 39 35
Normakalemia (n=19,647) 46 55 48 35
Hyperkalemia (n=1,032) 51 57 52 44
p-value <0.001 0.088 0.005 0.003
eGFR category, ml/min/1.73m2, %
<30 (n=3,238) 26 27 29 24
30-60 (n=12,191) 44 54 48 37
260 (n=11,486) 51 56 51 40
p-value <0.001 <0.001 <0.001 <0.001
Caregiver at SwedeHF registration, %
Inpatients (n=10,079) 40 52 43 33
Outpatients (n=17,351) 48 55 49 38
p-value <0.001 0.026 <0.001 <0.001
ICD
Sex, %
Male (n=19,946) 22 30 25 8
Female (n=7,484) 12 23 14 4
p-value <0.001 <0.001 <0.001 <0.001
LVEF, %
<30% (n=13,410) 12 14 21 7
>30% (n=14,020) 16 18 13 4
p-value <0.001 <0.001 <0.001 <0.001
Caregiver at SwedeHF registration, %
Inpatients (n=10,079) 20 38 24 6
QOutpatients (n=17,351) 19 26 21 7
p-value 0.082 <0.001 0.003 0.185
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Table 5. Continuing
Age category
Total <70 years 70-79 years 280 years
27430 8515 (31%) 9392 (34%) 9523 (35%)
CRT
Sex, %
Male (n=19,946) 40 52 44 26
Female (n=7,484) 29 41 36 15
p-value <0.001 <0.001 <0.001 <0.001
LVEF, %
<30% (n=13,410) 41 53 44 25
>30% (n=14,020) 32 44 39 20
p-value <0.001 <0.001 0.002 <0.001
Atrial fibrillation, %
Yes (n=16,343) 40 56 46 26
No (n=11,087) 33 44 35 17
p-value <0.001 <0.001 <0.001 <0.001
Caregiver at SwedeHF registration, %
Inpatients (10,079) 33 57 39 18
Outpatients (17,351) 39 47 43 27
p-value <0.001 <0.001 0.057 <0.001

For abbreviations see Table 4

Independent predictors of use of HF treatments according to age (Table 6)

Some predictors of use were consistent across age categories, including better renal function
for RASI/ARNI and MRA use, referral to specialty care and nurse-led HF clinic for all the
HF drugs. Higher comorbidity burden was associated instead with lower use/uptitration of
HF drugs and lower use of ICD.

Female sex was independently associated with higher use of RASI/ARNI and MRA, higher
use and higher target dose achievement of beta-blocker, and lower use of ICD in patients >80
years old, whereas in the younger subgroup female sex was independently associated with
less target dose achievement, but not with underuse of HF drugs or devices.

Atrial fibrillation was independently associated with lower use of RASI/ARNI and MRA in
<70 years old patients and with lower use/dosing of RASI/ARNI in age >80 years, higher
dose of beta-blocker across age subgroups, higher use of CRT in age=70-79 and >80 years.

Temporal trends in use of HF treatments across age categories

We assessed crude rates of HF treatments use/dosing and adjusted probabilities of treatment
use/dosing over time. The adjusted predicted probabilities of using HF treatments and of
target dose achievement, and of use of devices over time are reported in Figures 15 and
16. Use of RASI/ARNI tended to decrease over time regardless of age, but more in the
>80 years old class, whereas beta-blocker use increased in age >70 vs. <70 years. Use of
MRA increased over time in age <80 years. Adjusted use of target dose decreased over time
regardless of age for RASI/ARNI and increased in age>70 years but not in age<70 years for
beta-blocker.

Adjusted use of ICD increased over time regardless of age, whereas adjusted probabilities of
CRT use was overall stable in age>80 years, but increased and then decreased in age<80 years.
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Table 6. Factors associated with the use of heart failure guideline-directed medical therapy in the
overall population.

. RASI/ARNI Beta-blocker MRA
Variables
HR (95%Cl) p HR (95% Cl) p HR (95% CI) p
Male sex 0.79 (0.72-0.88) <0.001 0.82 (0.73-0.91) <0.001 | 0.92(0.86-0.98) | 0.007
Caregiver
(Outpatient vs. 1.72 (1.56-1.89) <0.001 | 1.18(1.05-1.33) 0.004 | 0.91(0.86-0.98) | 0.007
inpatient)

Follow-up location

Primary care vs

hospital 0.80(0.72-0.88) <0.001 | 0.77(0.68-0.86) <0.001 | 0.78(0.73-0.83) | <0.001

Other vs hospital | 0.76 (0.62-0.94) 0.011 0.76 (0.60-0.97) 0.028 | 0.68(0.58-0.79) | <0.001

Referral to HF nurse

clinic 1.28 (1.15-1.42) <0.001 | 1.12(1.00-1.26) 0.052 | 0.98(0.93-1.05) | 0.627

HF duration (>6 vs.

0.88 (0.78-0.98) 0.024 | 0.81(0.72-0.91) 0.001 | 1.23(1.16-1.32) | <0.001
<6 months)

NYHA (llI-1V vs. I-11) 0.75 (0.68-0.84) <0.001 | 0.88(0.79-0.99) 0.039 | 1.17(1.10-1.24) | <0.001

BMI

BMI 22.5-30 kg/

M2 vs <22.5 1.38(1.18-1.62) <0.001 | 1.16 (1.00-1.34) 0.055 | 0.99(0.90-1.08) | 0.826

BMI >30 kg/m2

Vs <225 1.40 (1.12-1.74) 0.004 1.25(1.03-1.53) 0.027 | 1.20(1.04-1.39) | 0.013

MAP

(290 vs <90 mmHg) 1.03 (0.94-1.13) 0.489 1.06 (0.97-1.17) 0.201 | 0.76 (0.72-0.80) | <0.001

HR (270 vs. <70 bpm)|  0.76 (0.70-0.83) | <0.001 | 0.89(0.81-0.98) | 0.019 | 0.93(0.89-0.98) | 0.007

EF < 30% 1.29(1.18-1.40) | <0.001 | 1.07(0.98-1.18) | 0.147 | 1.20(1.14-1.27) | <0.001
NT-proBNP (> 0.65(0.55-0.89) | <0.001 | 1.35(1.09-1.67) | 0.007 | 0.9 (0.90-1.10) | 0.891
median vs. <median)
eGFR

eGFR 30-60

vs <30 ml/ 2.92(2.63-3.24) | <0.001 | 0.89(0.77-1.02) | 0.097 | 2.16(1.96-2.37) | <0.001

min/1.73m2

eGFR>60 vs <30

/min/iyama | 517(4505.94) | <0001 | 084(071-099) | 0047 |2.77(250-3.07) | <0.001
Dyskalemia

Normovs hypo | 2.10(1.69-2.60) | <0.001 | 0.90(0.64-1.27) | 0.542 | 1.10(0.92-1.31) | 0.200

Hyper vs hypo 2.89(2.22-3.75) | <0.001 | 0.92(0.62-1.36) | 0.677 | 1.54(1.27-1.88) | <0.001
Ischemic heart 0.80(0.72-0.89) | <0.001 | 0.95(0.85-1.06) | 0.382 | 0.96(0.90-1.02) | 0.180
disease
Hypertension 1.09(1.00-1.20) | 0.057 | 1.20(1.09-1.33) | <0.001 | 1.12(1.06-1.19) | <0.001
Diabetes Mellitus 0.92(0.83-1.01) | 0.065 | 1.09(0.98-1.21) | 0.104 | 1.01(0.95-1.08) | 0.686
COPD 0.90(0.80-1.01) | 0.070 | 0.92(0.81-1.05) | 0.221 | 0.95(0.88-1.02) | 0.155
Anemia 0.94(0.86-1.02) | 0.152 | 0.87(0.79-0.96) | 0.007 | 0.89 (0.84-0.94) | <0.001
ﬁzfc'ta;rﬁb""am"/ 0.82(0.74-0.91) | <0.001 | 1.00(0.90-1.13) | 0.934 | 0.96 (0.90-1.03) | 0.281
z:z:g:‘:ra'a"ery 0.85(0.75-0.96) | 0.008 | 0.87(0.76-0.99) | 0.048 | 0.94(0.87-1.02) | 0.144

Stroke or transient

. . 0.83 (0.76-0.91) <0.001 | 0.87(0.78-0.96) 0.008 | 0.87(0.82-0.93) | <0.001
ischemic attack
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Table 6. Continuing
Variables RASI/ARNI Beta-blocker MRA
HR (95%Cl) p HR (95% CI) p HR (95% C1) p

Valvular disease 0.70 (0.64-0.76) <0.001 | 0.83(0.76-0.92) <0.001 | 1.14(1.08-1.21) | <0.001
Liver disease 0.71(0.57-0.90) | 0.004 | 1.01(0.77-1.33) | 0.949 | 1.12(0.96-1.31) | 0.140
Cancer history 0.87(0.79-0.97) | 0.013 | 0.90(0.80-1.01) | 0.076 | 0.94(0.84-1.01) | 0.117
Muscoloskeletal/
connective tissue 0.86 (0.79-0.93) <0.001 | 0.83(0.75-0.91) <0.001 | 0.90 (0.85-0.95) | <0.001
disease last 3 years
Dementia 0.86(0.67-1.08) | 0.182 | 1.21(0.91-1.62) | 0.195 | 0.81(0.67-0.98) | 0.034
Depression 1.03(0.84-1.26) | 0.775 | 0.73(0.60-0.88) | 0.002 | 1.04(0.92-1.19) | 0.482
Smoking

:;f:’;i‘t’s v 0.86(0.70-1.04) | 0.116 | 0.78(0.65-0.93) | 0.007 |1.12(1.03-123) | 0.012

No vs. current 0.82(0.68-1.00) | 0.052 | 0.72(0.60-0.87) | 0.001 | 1.11(1.01-1.23) | 0.028
Living alone
vs married/ 0.95(0.87-1.04) | 0.290 | 0.96(0.87-1.06) | 0.433 | 0.97(0.92-1.03) | 0.336
cohabitating
Education

iz;";‘jzg;’s 1.09(0.99-1.20) | 0.064 | 1.01(0.91-1.11) | 0.963 |0.98(0.92-1.04) | 0.457

t’;‘gs;sl':gr;s 1.20(1.04-1.37) | 0.011 | 0.98(0.84-1.13) | 0.756 | 0.98(0.91-1.06) | 0.681
Income

Mediumvslow | 1.02(0.92-1.12) | 0.756 | 1.00(0.90-1.11) | 0.963 | 1.06(0.99-1.12) | 0.067

High vs low 0.99(0.88-1.12) | 0.952 | 1.13(0.99-1.29) | 0.078 | 1.13(1.05-1.21) | 0.001
Children 1.00 (0.89-1.13) | 0.995 | 0.89(0.78-1.01) | 0.068 | 1.04(0.97-1.12) | 0.274
Diuretics 1.16 (1.00-1.34) | 0.046 | 1.18(1.03-1.35) | 0.018 | 1.48(1.37-1.59) | <0.001
Digoxin 1.13(1.00-1.28) | 0.045 | 1.12(0.98-1.28) | 0.094 | 1.28(1.19-1.38) | <0.001
Nitrates 1.02(0.92-1.13) | 0.743 | 1.22(1.08-1.38) | 0.002 | 0.98(0.92-1.06) | 0.665
Anticoagulants 1.68 (1.49-1.89) | <0.001 | 1.60(1.41-1.83) | <0.001 | 1.11(1.03-1.20) | 0.007
Antiplatelets 1.19(1.07-1.33) | 0.002 | 1.30(1.15-1.47) | <0.001 | 0.95(0.88-1.02) | 0.123
Statins 158 (1.44-1.73) | <0.001 | 1.46(1.32-1.62) | <0.001 | 1.07(1.01-1.13) | 0.026
RASI - - 1.99 (1.77-2.24) | <0.001 | 1.07(0.98-1.17) | 0.132
Beta-blocker 2.09 (1.86-2.35) | <0.001 | 2.00(1.78-2.25) | <0.001 | 1.09 (0.99-1.20) | 0.065
MRA 1.09(0.99-1.19) | 0.065 | 1.11(1.01-1.22) | 0.027 - -
CRT 1.00 (0.85-1.18) | 0.995 | 1.29(1.05-1.58) | 0.015 | 1.15(1.05-1.26) | 0.003
IcD 1.15(0.97-1.36) | 0.117 | 1.86(1.50-2.32) | <0.001 | 1.49 (1.36-1.63) | <0.001

ARNI=angiotensin receptor neprilysin inhibitors; BMI=body mass index; COPD=chronic obstructive pulmonary disease; CRT=cardiac
resynchronization therapy; eGFR=estimated glomerular filtration rateHF=heart failure; ICD=implantable cardioverter cardioverter-
defibrillator; LVEF=left ventricle ejection fraction; MAP=mean arterial pressure; MRA=mineralocorticoid receptor antagonists; NT-
proBNP=N-terminal pro—B-type natriuretic peptide; NYHA=New York Heart Association; RASI =renin-angiotensin system inhibitors.
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Figure 15. Temporal trends in the adjusted probability of guideline-directed medical therapy (left
panel) and target dose achievement (right panel) across age strata.
Trends in use of HF treatments starts from 2003 when SwedeHF was implemented; doses of MRA were available from 2015.
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Study IV

Main characteristics of the HF and non-HF population

The overall HF population included 76510 patients (53% had HFrEF, 23% HFmrEF, and 24%
HFpEF) and the control population without HF 229359 patients. Median age was 76 (67-83)
years, 36.9% were females. As shown in Table 7 and Figure 17, compared with subjects
without HF, patients with HF showed an overall higher CV (i.e. ischemic heart disease in
52.4% of patients with HF vs 14.6% without HF, diabetes in 25.2% vs 8.5%, atrial fibrillation
in 51.8% vs 7.8%, hypertension in 56.1% vs 22.2%, obesity in 5.2% vs 0.8%, history of
stroke in 14.3% vs 9.1%, peripheral artery disease in 8.8% vs 2.8%) and, with the exception
of dementia, non-CV comorbidity burden (i.e. renal failure in 12.4% in the HF cohort vs
1.8% in the non-HF cohort, chronic obstructive pulmonary disease in 13.1% vs 3.0%, anemia
in 14.2% vs 4.1%, cancer in 14.2% vs 11.9% and liver disease in 2.0% vs 0.6%). HF patients
were also more likely to have lower education level and income. Treatments, including non-
HF drugs (i.e. antiplatelet drugs, anticoagulants, oral glucose lowering drugs and statins),
were more likely prescribed to HF patients.

Table 7. Baseline characteristics of the HF population compared with the non-HF population.

HF Non-HF p
n 76,453 229,359
Demographic/Organizational characteristcs
Sex Male, n (%) 48,214 (63.1) 144,642 (63.1) 1.000
| Age, years, median (IQR) 76.0 [67.0, 83.0] 76.0 [67, 83] 1.000
Outpatient, n (%) 39,872 (52.2) -

Follow-up referral HF nurse clinic, n (%) 40,813 (56.7) -
Follow-up referral speciality, n (%)

Hospital 48,209 (66.1) -
Primary care 22,657 (31.1) -
Other 2,018 (2.8) -
Year of registration, n (%) 1.000
2005-2010 27,514 (36.0) 82,542 (36.0)
2011-2015 28,256 (37.0) 84,768 (37.0)
2016-2018 20,683 (27.1) 62,049 (27.1)
Clinical characteritics
EF category, n (%) 1.000
HFrEF 40,893 (53.5)
HFmrEF 17,395 (22.8)
HFpEF 18,165 (23.8)
HF duration > 6 months, n (%) 36,178 (48.6) -
NYHA class, n (%)
| 6,181 (11.8) -
Il 25,423 (48.4) -
1 19,183 (36.6) -
v 1,693 (3.2) -
SBP, mmHg, median (IQR) 125[112, 140] -
DBP, mmHg, median (IQR) 72.0 [65, 80] -
HR, bpm, median (IQR) 72.0 [63, 83] -
HR >70 bpm, n (%) 39,108 (52.7) -
LBBB, n (%) 11,550 (18.2) -
Laboratory measurements
Hb (g/L), median (IQR) 133 [120, 145] -
eGFR (mL/min/1.73 m?)*, median (IQR) 62.2 [45.1, 80.2] -
eGFR <60 mL/min/1.73 m?, n (%) 35,145 (46.6) -
NT-proBNP (pg/ml), median (IQR) 2,399 [1044, 5338] -
Hyperkalemia, n (%) 1,099 (1.4) 345 (0.2) <0.001
Hypokalemia, n (%) 1,567 (2.0) 1,117 (0.5) <0.001
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Table 7. Continuing
HF Non-HF p
n 76,453 229,359
Medical history/comorbidities
BMI, kg/m?, median (IQR) 26.5 [23.4, 30.2] -
BMI 230, n (%) 12,092 (26.5) -
Former/current smoker, n (%) 32,764 (56.0) -
Diabetes, n (%) 19,258 (25.2) 19,429 (8.5) <0.001
Renal failure, n (%) 9,449 (12.4) 4,124 (1.8) <0.001
AF, n (%) 39,593 (51.8) 17,950 (7.8) <0.001
Ischemic heart disease, n (%) 40,056 (52.4) 33,591 (14.6) <0.001
Anemia, n (%) 10,866 (14.2) 9,456 (4.1) <0.001
Hypertension, n (%) 42,910 (56.1) 50,935 (22.2) <0.001
Peripheral artery disease, n (%) 6,715 (8.8) 6,378 (2.8) <0.001
PCl, n (%) 10,076 (13.2) 4,563 (2.0) <0.001
CABG, n (%) 17,014 (22.3) 8,442 (3.7) <0.001
Stroke, n (%) 10,959 (14.3) 20,871 (9.1) <0.001
Valvular disease, n (%) 15,373 (20.1) 5,297 (2.3) <0.001
Malignant cancer, n (%) 10,853 (14.2) 27,332 (11.9) <0.001
COPD, n (%) 10,002 (13.1) 6,821 (3.0) <0.001
Liver disease, n (%) 1,552 (2.0) 1,482 (0.6) <0.001
Dementia, n (%) 1,310 (1.7) 7,520 (3.3) <0.001
Severe bleeding, n (%) 13,486 (17.6) 16,594 (7.2) <0.001
rl\‘ll(t;/‘s’;:oloskeletaI/connechve tissue disease, 23,616 (30.9) 46,145 (20.1) <0.001
Alcohol abuse, n (%) 2,430 (3.2) 3,117 (1.4) <0.001
Charlson comorbidity Index 2.0[1.0, 4.0] 0.0 [0.0, 2.0] <0.001
Treatments
Devices (ICD/CRT) 3,530 (4.6) 78 (0.0) <0.001
RASI/ARNI, n (%) 66,654 (87.2) 68,008 (29.7) <0.001
Diuretics, n (%) 59,022 (77.2) 54,737 (23.9) <0.001
Beta-blocker, n (%) 67,377 (88.1) 61,882 (27.0) <0.001
Calcium Channel Blockers, n (%) 16,804 (22.0) 44,029 (19.2) <0.001
MRA, n (%) 27,721 (36.3) 4,255 (1.9) <0.001
Antiplatelet therapy, n (%) 37,776 (49.4) 60,663 (26.4) <0.001
Anticoagulant therapy, n (%) 34,936 (45.7) 17,775 (7.7) <0.001
Insulin, n (%) 9,309 (12.2) 9,714 (4.2) <0.001
Oral glucose lowering therapy, n (%) 10,733 (14.0) 17,906 (7.8) <0.001
Lipid lowering therapy, n (%) 38,270 (50.1) 54,300 (23.7) <0.001
Digoxin, n (%) 12,389 (16.2) 3,438 (1.5) <0.001
Nitrates, n (%) 22,696 (29.7) 13,108 (5.7) <0.001
Antiarrhythmic therapy, n (%) 2,694 (3.5) 807 (0.4) <0.001
Socio-economic characteristics

Family type Living alone, n (%) 36,985 (48.5) 100,138 (43.7) <0.001
Children, n (%) 63,815 (83.5) 194,416 (84.8) <0.001
Education, n (%) <0.001

Compulsory school 33,681 (45.0) 91,255 (40.5)

Secondary school 29,013 (38.8) 84,227 (37.4)

University 12,107 (16.2) 49,671 (22.1)
Income above median, n (%) 34,588 (45.3) 118,275 (51.6) <0.001

AF=atrial fibrillation, BMI=body mass index, CABG=coronary artery by-pass graft, COPD=chronic obstructive pulmonary disease,
CRT=cardiac resynchronization therapy, DBP=diastolic blood pressure, EF=ejection fraction, eGFR=estimated glomerular filtration
rate, Hb=hemoglobin, ICD=implantable cardioverter defibrillator, HF=heart failure, HFmrEF=mildly reduced ejection fraction
heart failure, HFpEF=preserved ejection fraction heart failure, HFrEF= reduced ejection fraction heart failure, HR=heart rate,
IQR=interquartile range, LBBB=left bundle branch block, MRA=mineralocorticoid receptor antagonists, NYHA=New York Heart
Association, NT-proBNP= N-terminal pro—B-type natriuretic peptide, PCl=percutaneous coronary intervention, RASI/ARNI=renin-
angiotensin system inhibitors/angiotensin receptor neprilysin inhibitor, SBP=systolic blood pressure. Categorical variables are
presented with number and percentage, continuous variables with median and interquartile range. * GFR estimation derived from
CKD-EPI formula.
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Figure 17. Differences in comorbidities and treatments and outcomes between patients with HF and
control individuals without HF.
CV=cardiovascular, HHF=hospitalization for heart failure, HF=heart failure, IHD=ischemic heart disease, PAD=peripheral artery
disease. * x 10. See Table 1 for other abbreviations.

Main characteristics of the HF population across EF categories (Table 8, Figure 18)

Patients with HFpEF were more likely to be female (54%) and were older (median 80 years,
interquartile range 72-85) compared to HFmrEF and HFrEF. They were also more likely to
live alone rather than cohabitate, to have lower education level and income, to be in-patients
at the time of registration in SwedeHF, less likely to be followed in specialized care and to be
referred to HF nurse-led clinics.

The highest burden of comorbidities was observed in HFpEF patients (i.e. diabetes, impaired
renal function, anemia, atrial fibrillation, history of stroke, chronic obstructive pulmonary
disease, cancer and dementia), with the exception of ischemic heart disease which was more
frequent in HFTEF and HFmrEF. HF drugs were more likely prescribed in HFrEF. Use of
RASI/ARNI and diuretics in HFmrEF was more similar to HFrEF.

The higher comorbidity burden and the larger use of HF and non-HF drugs in the HF vs non-
HF population were consistent across the range of EF.

48



EF phenotypes and challenging subgroups in HF

Table 8. Baseline characteristics of the HF population across the EF categories.
Variable HFrEF HFmrEF HFpEF p
n 40,893 17,395 18,165
Demographic/Organizational characteristics

Sex Male, n (%) 29,047 (71.0) 10,733 (61.7) 8,434 (46.4) <0.001
Age, years, median (IQR) 73 [64, 81] 76 [68, 83] 80 [72, 85] <0.001
Outpatient, n (%) 22,347 (54.6) 9,899 (56.9) 7,626 (42.0) <0.001
Follow-up referral HF nurse clinic, n (%) | 24,691 (63.7) 9,143 (55.6) 6,979 (41.6) <0.001
Follow-up referral speciality, n (%) <0.001

Hospital 29,757 (75.9) 10,324 (62.1) 8,128 (47.6)

Primary care 8,437 (21.5) 5,852 (35.2) 8,368 (49.1)

Other 1,012 (2.6) 444 (2.7) 562 (3.3)
Year of registration, n (%) <0.001

2005-2010 15,174 (37.1) 5,971 (34.3) 6,369 (35.1)

2011-2015 15,075 (36.9) 6,355 (36.5) 6,826 (37.6)

2016-2018 10,644 (26.0) 5,069 (29.1) 4,970 (27.4)

Clinical characteristics

HF duration > 6 months, n (%) 18,326 (45.8) 8,458 (50.0) 9,394 (53.8) <0.001
NYHA class, n (%) <0.001

1 2,753 (9.2) 1,872 (15.6) 1,556 (14.8)

[ 14,160 (47.2) 6,436 (53.6) 4,827 (46.0)

1] 11,962 (39.9) 3,451 (28.7) 3,770 (35.9)

v 1,100 (3.7) 257 (2.1) 336 (3.2)
SBP, mmHg, median (IQR) 120 [110, 140] 130[117,140] |130[120, 145] |<0.001
DBP, mmHg, median (IQR) 71 [65, 80] 74 (65, 80] 70 [65, 80] <0.001
HR, bpm, median (IQR) 72 [64, 84] 711[62, 81] 72 [63, 82] <0.001
HR >70 bpm, n (%) 21,539 (54.1) 8,438 (50.1) 9,131 (52.2) <0.001
LBBB, n (%) 8,352 (24.5) 2,026 (14.1) 1,172 (7.8) <0.001

Laboratory measurements
Hb (g/L), median (IQR) 135[122, 147] 132 [120, 144] 127 [115, 139] <0.001
eGFR (mL/min/1.73 m?)*, median (IQR) |64 [47, 82] 63 [46, 80] 57 [41, 75] <0.001
eGFR <60 mL/min/1.73 m2, n (%) 17522 (43.3) 7833 (45.7) 9790 (55.0) <0.001
NT-proBNP (pg/ml), median (IQR) 2904 [1270, 6440] | 1932 [799, 4247] | 2020 [913, 4163]| <0.001
Hyperkalemia, n (%) 541 (1.3) 226 (1.3) 332(1.8) <0.001
Hypokalemia, n (%) 708 (1.7) 361 (2.1) 498 (2.7) <0.001
Medical history/comorbidities

BMI, kg/m?, median (IQR) 26 (23, 30] 27 (24, 30] 27 (24, 31)] <0.001
BMI 230, n (%) 5875 (23.8) 2958 (28.2) 3259 (31.2) <0.001
Former/current smoker, n (%) 19172 (59.4) 7243 (54.7) 6349 (49.1) <0.001
Diabetes, n (%) 10125 (24.8) 4212 (24.2) 4921 (27.1) <0.001
Renal failure, n (%) 4757 (11.6) 2078 (11.9) 2614 (14.4) <0.001
AF, n (%) 19290 (47.2) 9304 (53.5) 10999 (60.6) <0.001
Ischemic heart disease, n (%) 22076 (54.0) 9569 (55.0) 8411 (46.3) <0.001
Anemia, n (%) 4790 (11.7) 2508 (14.4) 3568 (19.6) <0.001
Hypertension, n (%) 20401 (49.9) 10196 (58.6) 12313 (67.8) <0.001
Peripheral artery disease, n (%) 3450 (8.4) 1574 (9.0) 1691 (9.3) 0.001
PCl, n (%) 5970 (14.6) 2671 (15.4) 1435 (7.9) <0.001
CABG, n (%) 9723 (23.8) 4198 (24.1) 3093 (17.0) <0.001
Stroke, n (%) 5491 (13.4) 2486 (14.3) 2982 (16.4) <0.001
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Table 8. Continuing
Variable HFrEF HFmrEF HFpEF p
n 40,893 17,395 18,165
Valvular disease, n (%) 6806 (16.6) 3660 (21.0) 4907 (27.0) <0.001
Malignant cancer, n (%) 5332 (13.0) 2557 (14.7) 2964 (16.3) <0.001
COPD, n (%) 4788 (11.7) 2253 (13.0) 2961 (16.3) <0.001
Liver disease, n (%) 849 (2.1) 309 (1.8) 394 (2.2) 0.020
Dementia, n (%) 623 (1.5) 263 (1.5) 424 (2.3) <0.001
Severe bleeding, n (%) 6,120 (15.0) 3,208 (18.4) 4,158 (22.9) <0.001
m:::::s’,s';e(';’t)a'/ connective tissue 11,162 (27.3) 5,574 (32.0) 6,880 (37.9) <0.001
Alcohol abuse, n (%) 1,502 (3.7) 464 (2.7) 464 (2.6) <0.001
Charlson comorbidity Index 2.0[1.0,4.0] 2.0[1.0, 4.0] 3.0[1.0, 4.0] <0.001
Treatments
Devices (ICD/CRT) 2,917 (7.1) 422 (2.4) 191 (1.1) <0.001
RASI/ARNI, n (%) 37,606 (92.0) 15,117 (86.9) 13,931 (76.7) | <0.001
Diuretics, n (%) 31,563 (77.2) 12,345 (71.0) 15,114 (83.2) | <0.001
Beta-blocker, n (%) 37,291 (91.2) 15,137 (87.0) 14,949 (82.3) | <0.001
Calcium Channel Blocker, n (%) 6,706 (16.4) 4,137 (23.8) 5,961 (32.8) <0.001
MRA, n (%) 16,693 (40.8) 5,053 (29.0) 5,975 (32.9) <0.001
Antiplatelet therapy, n (%) 21,157 (51.7) 8,718 (50.1) 7,901 (43.5) <0.001
Anticoagulant therapy, n (%) 18,291 (44.7) 7,908 (45.5) 8,737 (48.1) <0.001
Insulin, n (%) 4,803 (11.7) 2,036 (11.7) 2,470 (13.6) <0.001
Oral glucose lowering therapy, n (%) 5,795 (14.2) 2,358 (13.6) 2,580 (14.2) 0.113
Lipid lowering therapy, n (%) 21,198 (51.8) 9,086 (52.2) 7,986 (44.0) <0.001
Digoxin, n (%) 6,691 (16.4) 2,572 (14.8) 3,126 (17.2) <0.001
Nitrates, n (%) 12,352 (30.2) 5,394 (31.0) 4,950 (27.3) <0.001
Antiarrhythmic therapy, n (%) 1,807 (4.4) 480 (2.8) 407 (2.2) <0.001
Socio-economic characteristics

Family type Living alone, n (%) 18,854 (46.2) 8,167 (47.0) 9,964 (54.9) <0.001
Children, n (%) 33,655 (82.3) 14,736 (84.7) 15,424 (84.9) <0.001
Education, n (%) <0.001

Compulsory school 17,414 (43.4) 7,524 (44.2) 8,743 (49.5)

Secondary school 16,115 (40.2) 6,617 (38.8) 6,281 (35.6)

University 6,572 (16.4) 2,892 (17.0) 2,643 (15.0)
Income above median, n (%) 19,857 (48.7) 7,996 (46.0) 6,735 (37.1) <0.001

For abbreviations see Table 1. Categorical variables are presented with number and percentage, continuous variables with median
and interquartile range. * GFR estimation derived from CKD-EPI formula.
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Figure 18. Distribution of the main cardiovascular and non-cardiovascular comorbidities, and of HF
and non-HF treatments across the EF spectrum.
For abbreviations see Figure 17
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Study Outcomes

The median follow-up was 4.0 (2.0-7.3) years. Compared with non-HF, the HF cohort
was characterized by three-fold and four-fold higher incidence of first (HR: 2.86, 95% CI:
2.83-2.89) and repeated (incidence rate ratio [IRR]: 3.93, 95% CI: 3.89-3.98) all-cause
hospitalizations, respectively; five-fold and ten-fold higher incidence of first (HR: 5.47, 95%
CI: 5.39-5.54) and repeated (IRR: 10.4, 95% CI: 10.3-10.6) CV hospitalizations, respectively;
two-fold higher incidence of first (HR: 2.03, 95% CI: 2.01-20.5) and repeated (IRR: 2.44,
95% CI: 2.41-2.47) non-CV hospitalizations; three-fold and 2-fold higher incidence of
first (HR: 2.95, 95% CI: 2.92-2.97) and repeated (IRR: 2.26, 95% CI: 2.24-2.28) all-cause
outpatient visits, respectively; and two-fold higher incidence of repeated emergency visits
(IRR 2.38, 95%CI 2.34-2.43) (Figure 19).
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Figure 19. Differences in outcomes between patients with HF and control individuals without HF.
CV=cardiovascular, HHF=hospitalization for heart failure, HF=heart failure, IHD=ischemic heart disease, PAD=peripheral artery
disease. * x 10. See Table 7 for other abbreviations

The average in-hospital LoS for any cause per follow-up year was 7.1 days in HF vs 2.1 days
in non-HF subjects and was mainly driven by non-CV causes. The risk of all-cause death was
two-fold higher (HR: 2.53, 95% CI: 2.50-2.56), the risk of CV death was five-fold higher
(HR 4.67, 95%CI 4.59-4.76) and the risk non-CV death 1.5-fold higher (HR: 1.49, 95%
CI: 1.46-1.52) in the HF compared with the non-HF population. As summarized in Figure
20 patients with HFrEF reported the highest, HFpEF patients intermediate and HFmrEF
patients the lowest risk of first and repeated HF hospitalizations. For first and repeated all-
cause hospitalizations and non-CV hospitalization, patients with HFpEF were at higher risk.
Similarly, HFpEF was at higher risk of all-cause, CV and non-CV death and had the longest
average in-hospital LoS for any cause, CV causes and non-CV causes. The higher risk in
outcomes in HF vs non-HF was consistent regardless of EF.
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Figure 20. Incidence of the study outcomes in the HF population across the EF categories.
See Table 7 and Figure 19 for abbreviations
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5 DISCUSSION

Despite the advances in diagnostic work-up, risk stratification and treatments, prognosis in
HF remains poor(2,63). Underprescription and underdosing of HF medications are frequent
in clinical practice and limited implementation of available therapeutic strategies is a major
concern in the overall care of HF(59,60). There are challenging subgroups of patients with
HF that, for several reasons, are more likely exposed to under-treatment, but are also of major
impact for the whole healthcare system due to their increasing prevalence or worse outcome.
The four studies included in the present thesis provided a comprehensive overview on two of
the more important subgroups of patients with HF, women and older patients (Study I and
III), aimed to confirm the safety and effectiveness of evidence-based treatments in a scenario
neglected by RCTs (Study IT) and defined the overall burden of HF on the healthcare system,
which is importantly influenced in the contemporary era by the progressive aging of the
population and by the increasing burden of comorbidities (Study IV).

Differences in characteristics and outcome between the overall HF population and
non-HF controls and distinctive features of specific subgroups (i.e. women and older
patients)

Representation of specific subgroups of patients with HF has been historically limited in
the setting of RCTs, which reduces the trust toward the evidence supporting the use of
evidence-based therapies in specific settings. Nevertheless, current recommendations
from HF guidelines do not discriminate between sex or age, and therapy for HF should be
indistinctly prescribed in women vs men and in older vs younger patients(2). However,
specific aspects differ across sexes as well as in older vs younger individuals. In Study I
we specifically explored the characteristics of women with HF across the EF spectrum, and
in Study III we assessed the characteristics and the status of treatment implementation in a
large population of older patients with HFrEF compared with younger strata. Study I showed
different characteristics in women compared with men with HF that were largely consistent
across the EF spectrum. In particular women presented higher prevalence of chronic kidney
disease, hypertension, valve and lung disease, but a lower prevalence of ischemic heart
disease, diabetes and anemia. When in Study IV we quantified the comorbidity burden
in the overall HF population from SwedeHF, there was a higher number of comorbidities
in HFpEF compared to HFrEF and HFmrEF. For instance, the prevalence of diabetes was
27% in HFpEF vs 24.2% and 24.8% in HFmrEF and HFrEF, respectively; the prevalence
of impaired renal function was 14% in HFpEF vs 11.9% and 11.6% in HFmrEF and HFrEF,
respectively; and the prevalence of atrial fibrillation was 60.6% in HFpEF vs 53.5% and
47.2% in HFmrEF and HFrEF, respectively. This is strictly related with another important
characteristic of the contemporary HF population, that is the ageing(90,97,98). In Study I1I,
indeed, octogenarians were the 35% of the overall HFrEF study cohort and, as expected, they
carried a higher burden of comorbidities and a less favorable socio-economic condition. Of
note, as already found in Study I, the prevalence of females increased with aging, and this is
another partial explanation of the higher proportion of females in the HFpEF category.

Sex-related differences have been previously reported regarding HF prognosis(99-102). In

our Study I the higher crude risk of mortality/morbidity observed in females with HFpEF
and HFmrEF was not confirmed after extensive adjustment. Females had a lower adjusted
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risk of the primary outcome (i.e. a composite of all-cause death and HF hospitalization) and
the differences in risk in males vs females increased with decreasing EF. The risk of all-cause,
CV and non-CV mortality was lower in females, but regarding hospitalizations, females were
exposed to a lower adjusted risk of CV and HF hospitalization compared to males only
in the HFrEF range. The higher unadjusted risk of mortality/morbidity is likely due to the
different characteristics of women vs men. Women were older, presented worse HF in terms
of both symptoms and higher NT-proBNP values, had higher prevalence of comorbidities
with known negative prognostic impact (e.g. impaired renal function, chronic obstructive
pulmonary disease), had a more deprived socio-economic status and less likely were followed
in specialized care and referred to an HF nurse-led clinic. The better outcome that was instead
observed in females in the adjusted analysis is probably explained by biological differences
including the role of sex hormones. These aspects worth to be specifically investigated in
dedicated studies.

Differences in outcomes were also found in Study II when analyzing patients with HFrEF
aged > 80 years old and the positive control cohort of patients aged < 80 years old. For
instance, the crude 5-year event rate was 32.2 per 100 patient-years for beta-blocker users
vs. 42.8 per 100 patient-years for non-users in the > 80 years old cohort and 11.0 per 100
patient-years for beta-blocker users vs. 16.8 per 100 patient-years for non-users in the < 80
years old cohort. Similarly, older patients were exposed to higher rate of HF hospitalizations.
This is an obvious observation, but the three-fold higher mortality and the two-fold higher
exposure to HF hospitalization in the older population must be considered as it is one major
explanation of the increasing overall burden that HF exerts on the worldwide healthcare
systems (Study IV).

Physicians’ adherence to prescribe evidence-based HF therapies in specific subgroups

Sex-related disparities in treatment have been previously reported and involve both medical
therapies and devices(99,103). In the CHAMP-HF registry women resulted to be undertreated
compared to men(59). In Study I we have observed that after adjustments, females were more
likely to receive beta-blocker and digoxin, and we hypothesized that it might be explained
by the higher need in females to achieve a successful heart rate control. The higher use of
digoxin is noteworthy considering the findings from the DIG trial that reported a significantly
higher absolute risk of death associated with digoxin use in women(104).

Recently, a multicenter study by Santema et al. collecting data from two major cohorts (i.c.
BIOSTAT-CHF and ASIAN-HF) suggested that women might need lower doses of RASI/
ARNI and beta-blocker than men(71). In our Study III, female sex was associated with
lower target dose achievement for RASI and beta-blocker in patients aged <70 years old
but with higher target dose achievement for beta-blocker in patients aged >80 years old.
No differences in the use of GDMT between sexes were observed in the <70 years old age
stratum, whereas in patients aged >80 years, female sex was associated with higher use of
RASI/ARNI, beta-blocker and MRA. This is concordant with what we have reported in Study
I, where females with HFrEF were older, had higher heart rate and blood pressure, higher
NYHA class and NT-proBNP compared to males. These aspects might have promoted larger
adoption of HF medications in older classes, where females were more largely represented.
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However, in general, the lower use and lower dosing of HF treatments was strongly associated
with increasing age in Study III, according to previous data from literature(59,105-109). In
our cohort, the absolute rate of HF drugs use in >80 years old patients with HFrEF was higher
compared to previous studies (i.e. 80% received RASI/ARNI, 88% received beta-blocker and
35% received MRA)(105,107-109), but significantly lower than in younger categories. The
limited enrollment of older patients in RCTs might limit the generalizability of the evidence
on the efficacy of GDMT in older groups. However, in the SENIORS trial, the only RCT
specifically designed to enroll a population >70 years old, nebivolol reduced the risk of all-
cause mortality/cardiovascular hospitalization(83). A former observational study from the
SwedeHF registry showed a similar magnitude for the association between RASI use and
mortality in older vs. younger patients(110). In Study II we assessed the association between
beta-blocker use and prognosis in octogenarians with HFrEF, including one of the largest
available cohort of >80 years HFTEF patients. Use of beta-blocker was significantly associated
with a lower 5-year risk of all-cause death/HF hospitalization, which was consistent with the
results of the SENIORS trial(83), although in our analysis we documented a statistically
significant lower mortality with beta-blockes that might be explained by the higher exposure
to the risk of death in a real-world cohort compared to the RCT setting. Our findings support
the recommendations from the current guidelines which do not report age-related distinctions
for treatment strategies(2).

The overall impact of HF on the healthcare system in the contemporary era.

In Study IV we showed that the comorbidity burden is much higher in patients with HF
compared to non-HF controls. Ageing of the population is one of the determinants of
the increasing comorbidity burden that is currently observed in the HF population(90).
Multimorbidity and growing age may have important consequences in terms of healthcare
system management and costs. For instance, in a Spanish study the reported annual average
cost per patient is €3,110 and €1,803 for diabetic and non-diabetic subjects, respectively,
whereas impaired renal failure has been reported to be one of the major determinants of
increasing costs in patients with HF. (111,112). In Spain, the average expenditure per HF
patient was €1147/year in patients with one co-morbidity and €16,806/year in patients with
>9 co-morbidities(113). Multimorbidity also influences the overall cost of medications in
patients with HF. In U.S. non-HF medications accounted for the largest part of the total
medication cost per patient(114).

The complexity of the HF population has dramatic consequences in terms of prognosis. We
observed a ~3-fold higher risk for first and repeated all-cause hospitalizations and 2-fold
higher risk for all-cause mortality in HF vs non-HF. The risk of non-CV events was also
increased. The overall costs attributed to HF have been estimated to account for 1-2% of
the total healthcare expenditure, reaching 7% in Spain(113,115). Of note, HF specific costs
accounted for 69% of the total costs in the first year, but only 49% and 46% in the second and
third year after the diagnosis, when costs related to non-CV events became predominant(116).
The distribution of comorbidities and outcomes varied across the EF spectrum. Older patients
were more largely represented in the HFpEF phenotype, which showed more CV and non-CV
comorbidities. The older age, along with the higher burden of CV and non-CV comorbidities,
can explain the higher crude risk of all-cause and non-CV hospitalizations we have observed
in HFpEF compared to HFmrEF and HFrEF, whereas patients with HFrEF were more exposed
to HF hospitalizations. Similar findings have important implications in the process of resource
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allocation and might aid the identification of the better targets of intervention that could not
necessarily be the same across the EF spectrum. In Sweden, CV hospitalizations accounted
for the largest part of the total secondary care costs in the first year after the diagnosis of
HF, but then declined afterwards(116). In a previous analysis focusing on HFpEF, non-
CV hospitalizations accounted for ~40% of the overall hospitalizations-related costs (i.e. €
3,618/patient/year)(117). Moreover, higher annual costs of re-hospitalizations were reported
in HFpEF (€ 5396) vs. HFrEF (€ 4287) which might be at least partially explained by the
high burden of comorbidities in patients with HFpEF(118). Therefore, use of treatments with
proven efficacy in reducing HF hospitalizations can be convenient in terms of economical
net benefit. Post-hoc analyses from RCTs supported the cost-effectiveness of more recent
HFrEF drugs(119,120). The recent demonstration of benefit in terms of HF hospitalization
risk reduction for the SGLT2-inhibitor empagliflozin in HFpEF/HFmrEF(41) might also
determine an important reduction in the cost expenditures.
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6 CONCLUSIONS

In the real world, there are important differences in characteristics and outcome in specific
subgroups of patients with HF (i.e. women and older patients, see Study I and Study III)
that have important implications in treatment adherence. Females have better survival/
morbidity profile, which may be explained by biological sex differences, but not by lower
use of HF drugs since in females adjusted use of RASI and MRA was similar and use of
beta-blocker was higher than in males, whereas devices were less used in females vs males
(Study I). In older categories, GDMT was less used and less likely uptitrated, although they
are currently recommended regardless of age as available data suggest similar benefit from
GDMT regardless of sex (Study II). The increasing complexity of HF patients, including the
growing age and the large amount of co-existing comorbidities, determines an exponential
increase in costs, with a dramatically growing burden on the healthcare system (Study IV).
Improving the understanding of challenging subgroups and expanding their representation
in RCTs might increase generalizability and improve use of treatments in clinical practice.
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7 POINTS OF PERSPECTIVE

The present thesis highlighted the need for further and deeper research focused on the
most neglected subgroups of patients with HF. Adequate representation of women and
older patients in future RCT might increase the generalizability of RCTs’ findings and
their application in clinical practice. Future studies focused on the assessment of treatment
tolerability and efficacy in presence of multiple comorbidities are advocated. Educational
programs, structured active follow-up and multidisciplinarity are important fields worth to be
implemented in order to improve adherence to guidelines recommendations.
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