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Abstract

Background Cardiometabolic disturbances play a central role in the pathogenesis of heart failure with preserved
ejection fraction (HFpEF). Due to its complexity, HFpEF is a challenging condition to treat, making phenotype-specific
disease management a promising approach. However, HFpEF phenotypes are heterogenous and there is a lack of
detailed evidence on the different, sex-specific profiles of cardiometabolic multimorbidity and metabolic syndrome
present in HFpEF.

Methods We performed a retrospective, modified cross-sectional study examining a subset of participants in the
UK Biobank, an ongoing multi-centre prospective cohort study in the United Kingdom. We defined HFpEF as a
record of a heart failure diagnosis using ICD-10 code 150, coupled with a left ventricular ejection fraction (LVEF) > 50%
derived from cardiac magnetic resonance (CMR) imaging. We examined sex-specific differences in cardiometabolic
comorbidity burden and metabolic syndrome, performed latent class analysis (LCA) to identify distinct clusters of
patients based on their cardiometabolic profile, and compared CMR imaging-derived parameters of left ventricular
function at rest in the different clusters identified to reflect possible differences in adverse cardiac remodelling.

Results We ascertained HFpEF in 445 participants, of which 299 (67%) were men and 146 (33%) women. The median
age was 70 years old (interquartile range: [66.0-74.0]). A combination of hypertension and obesity was the most
prevalent cardiometabolic pattern both in men and women with HFpEF. Most men had 2-3 clinical cardiometabolic
comorbidities while most women had 1-2, despite a similar metabolic syndrome profile (p=0.05). LCA revealed three
distinct, clinically relevant phenogroups, namely (1) a most male and multimorbid group (n=117); (2) a group with a
high prevalence of severe obesity, abnormal waist circumference and with the highest relative proportion of females
(n=116); and finally (3) a group with an apparently lower comorbidity burden aside from hypertension (n=212).
There were significant differences in clinical measurements and medication across the three phenogroups identified.
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Cardiac output at rest was significantly higher in group 2 vs. group 3 (males: median 5.6 L/min vs. 5.2 L/min, p < 0.05;
females: 5.1 L/min vs. 4.4 L/min, p<0.01). Absolute global longitudinal strain was significantly lower in women in

group 1 vs.group 2 (=17.6% vs. —18.5%, p < 0.05).

Conclusion Women with cardiometabolic HFpEF had a lower comorbidity burden compared to men despite a
similar metabolic syndrome profile. Based on patients’ cardiometabolic profile, we identified three distinct subgroups
which differed in body shape and mass, lipid biomarker and medication profile, as well as in cardiac output at rest
both in men and women. These factors may affect disease trajectory, treatment options and outcomes in those
subgroups. Subject to further validation, our findings provide a refined characterisation of the cardiometabolic HFpEF
phenotype, contributing towards a better understanding of the condition to enable phenotype-specific disease

management.

Keywords HFpEF, cardiometabolic diseases, metabolic syndrome, machine learning, phenomapping, cardiac

magnetic resonance imaging, UK Biobank
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Introduction microvascular changes, diastolic dysfunction and even-

Driven by chronic inflammation and metabolic distur-
bances, metabolic syndrome refers to a set of subclinical
conditions that typically precedes overt cardiometabolic
diseases such as hypertension, diabetes and ischemic
heart disease [1]. These cardiometabolic conditions drive
the pathogenesis of heart failure with preserved ejection
fraction (HFpEF) [2, 3, 4], a condition that affects over
60 million individuals worldwide and whose prevalence
keeps increasing due to older and more comorbid popu-
lations [5, 6].

Sex and age play an important role in cardiometabolic
HFpEF. Compared to men, women have stiffer ventricles
and arteries, smaller vasculature, and greater pulse pres-
sure, placing them at a higher risk of developing adverse

tually HFpEF [7, 8, 9, 10]. In addition, ageing processes
differ between sexes, making the progression of cardio-
metabolic decline and cardiac dysfunction highly age-
and sex-dependent [11, 12]. Metabolic syndrome also
worsens in women during the perimenopausal stage [13,
14]. However, the limited number of sex-specific studies
of HFpEF and poor representation of women in clinical
trials motivate the need for further sex-specific investi-
gations of HFpEF, especially including post-menopausal
women [15, 16, 17].

Considering the multi-factorial nature of the disease,
HFpEF treatment is typically adapted on an etiology-spe-
cific basis to complement first-line treatment with SGLT2
inhibitors [18, 19]. Following seminal work by Shah et
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al. [20], HFpEF phenotyping studies have successfully
elucidated common clinical traits in different clusters of
HFpEF (21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31]. However,
cardiometabolic diseases and components of metabolic
syndrome are not always consistently and extensively
covered in these studies, and results are not always strati-
fied by sex despite its important role in HFpEF. Cardiac
function and hemodynamic parameters beyond left
ventricular ejection fraction (LVEF), notably global lon-
gitudinal strain which has been associated with poorer
outcomes in HFpEF [32, 33], are not always consistently
accounted for. There is limited data on the variation of
cardiac function across different HFpEF phenotypes
including across sexes [34, 35]. The need to improve the
identification and refinement of clinically distinct HFpEF
phenotypes is well-acknowledged, especially phenotypes
pertaining to the cardio-metabolic-renal axis, in order
to improve the classification and management of HFpEF
[36, 37, 38, 39].

In this study, we present a high-resolution mapping
of the heterogeneities in cardiometabolic HFpEF in an
elderly cohort of UK Biobank participants, ultimately
aiming to help inform disease management strategies in
this high-risk population. We hypothesise that cardio-
metabolic profiles differ in men and women with HFpEF,
and that patients belonging to distinct subgroups may
exhibit different extents of ventricular dysfunction. We
elucidate these questions by examining the cardiometa-
bolic comorbidity burden and metabolic syndrome in
the selected cohort; extracting probabilistic phenogroups
from the cohort using latent class analysis based on car-
diometabolic diseases and metabolic syndrome com-
ponents; and comparing whole-organ imaging-derived
parameters of left ventricular function across the differ-
ent cardiometabolic phenogroups identified. These anal-
yses are stratified by sex to reflect underlying differences
in men and women.

Methods

Study design and population

Our study sample was drawn from the UK Biobank,
a prospective cohort study of over 500,000 adults liv-
ing in England, Scotland and Wales, recruited between
the ages of 40 and 69 years. The UK Biobank is rich in
breadth and depth of data, containing information
on socio-demographic and lifestyle factors, and clini-
cal measurements recorded at multiple timepoints
since recruitment. Linkage to hospital episode statistics
(HES) is available for most of the cohort, while primary
care records are linked for about 45% of the entire study
cohort [40]. The UK Biobank imaging sub-study recalled
about 10% of the original study cohort for a multi-organ
imaging assessment, which included a cardiac magnetic
resonance (CMR) scan performed on a 1.5 Tesla scanner

Page 3 of 16

(MAGNETOM Aera, Syngo Platform VDI13A, Siemens
Healthcare). Full details of the imaging protocol are avail-
able in [41, 42].

In this study, we performed a retrospective cohort
study with hybrid prevalence/incidence analysis, with a
modified cross-sectional component considering preva-
lent and incident cases at the time of the imaging assess-
ment (see Cohort Definition below). We examined the
relations between cardiometabolic comorbidity burden,
metabolic syndrome components and left ventricular
function in patients with HFpEF, stratified by sex. As a
subgroup analysis, we compared the cardiometabolic
profile of patients with prevalent vs. incident HFpEF at
time of imaging, to support the design rationale and miti-
gate any selection bias that could arise from the inclusion
of both in our study.

Our study is reported in line with the STROBE
(Strengthening the Reporting of Observational Studies in
Epidemiology) statement.

Ethical considerations

General ethical approval was granted for UK Biobank
studies by the United Kingdom's National Health Ser-
vice Research Ethics Service (11/N'W/0382). Partici-
pants provided written informed consent for their data
to be stored and used for research purposes. This study
was conducted under UK Biobank Application Number
116292.

Cohort definition

Our study sample consists of UK Biobank participants
with HFpEF, including cases of prevalent HFpEF diag-
nosed before the time of imaging (mean time since diag-
nosis: 5.7 years) and incident HFpEF diagnosed after the
imaging assessment (mean follow-up time: 3.3 years).
The rationale behind this hybrid approach was to capture
HFpEF exhaustively considering that the age of partici-
pants in the UK Biobank is typically lower at assessment
compared to the typical onset of HFpEF as evidenced
by low baseline prevalence, coupled with the fact that
HFpEF is commonly underdiagnosed, especially when
co-existing with cardiometabolic conditions [43, 44]. To
ascertain HFpEF, we first identified all UK Biobank cases
with a HF diagnosis by retaining participants with a non-
null date of first report of an ICD-10 code 150 in HES,
primary care, death registry data and self-reported diag-
noses of HF (UK Biobank field number 131354). To fur-
ther classify HF based on LVEF, we retained participants
with CMR image-derived LVEF values greater or equal to
50% (fields 310602242024103).

Baseline covariates
We considered the following demographic covariates:
sex (UK Biobank field 31), ethnic background (21000),
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age as calculated between date of birth (33) and date
at which the imaging data was recorded (53), as well as
the following socio-economic variables: qualifications
(6138), employment status (6142) and access to private
healthcare (4674). We also considered the following life-
style and anthropomorphic covariates: body mass index
(BMI) calculated using height (50) and weight (21002),
waist-to-hip ratio calculated using waist circumference
(48) and hip circumference (49), smoking status (20116),
and alcohol consumption (1558). We included the fol-
lowing clinical covariates: diastolic blood pressure (DBP)
(4079), systolic blood pressure (SBP) (4080), triglycer-
ides (30870), high-density lipoprotein (HDL) cholesterol
(30760), blood glucose (30740) and cholesterol-lower-
ing medication, blood pressure medication and insulin
(6153, 6177). To account for possible existing cardiac
structural and functional abnormalities, we included
known cardiomyopathies (131338, 131340) and history
of cancer, including lung and breast cancer (20001), as
detailed information on cardiotoxic treatments or chest

Table 1 Cardiometabolic diseases included in the study, as
defined by the International Classification of Diseases (ICD)

Disease ICD- Description UK
category 10 Bio-
code bank
field
Ischemicheart  [11 Hypertensive heart disease 131288
disease 13 Hypertensive heart and renal 131292
disease
120 Angina pectoris 131296
121 Acute myocardial infarction 131298
122 Subsequent myocardial infarction 131300
124 Other acute ischemic heart disease 131304
125 Chronic ischemic heart disease 131306
Hypertension no Essential primary hypertension 131286
15 Secondary hypertension 131294
016  Unspecified maternal hypertension 132192
Diabetes E10 Insulin dependent diabetes 130706
mellitus
EN Non-insulin dependent diabetes 130708
mellitus
E14 Unspecified diabetes 130714
Obesity E66  Obesity 130792
Chronic kidney ~ N18  Chronic renal failure 132032
disease
Liver disease K76 Other diseases of liver (primarily 131670
including MASLD)
Stroke 161 Intracerebral haemorrhage 131362
162 Other nontraumatic intracranial 131364
haemorrhage
163 Cerebral infarction 131366
164 Stroke, not specified as haemor- 131368

rhage or infarction

Each corresponding UK Biobank field refers to the date of first report of
respective ICD-10 codes. MASLD: metabolic dysfunction-associated fatty liver
disease
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radiotherapy was not available. For each covariate, we
used the most recent measurement obtained prior to or
on the date of the imaging assessment.

Outcomes

Our study considers two key outcomes: cardiometabolic
burden, whereby we consider cardiometabolic disease
diagnoses and metabolic syndrome components, and
CMR imaging-derived parameters of left ventricular
function, in our HFpEF cohort.

Definition of cardiometabolic disease

We defined cardiometabolic diseases as ischemic heart
disease, hypertension, diabetes, obesity, chronic kidney
disease, liver disease (primarily metabolic dysfunction-
associated fatty liver disease (MASLD)) and stroke. We
used ICD-10 codes to identify each disease category
(Table 1). We further ascertained hypertension and obe-
sity based on clinical biomarker thresholds, as established
by recent clinical guidelines, using data collected at the
assessment centre. Individuals with a SBP>140 mmHg
and/or DBP>90 mmHg were classified as hyperten-
sive [45]. Those with body mass index (BMI)>30 kg/m?,
or BMI>25 kg/m? coupled with waist-to-height ratio
(WtHR) = 0.5, were classified as obese [46].

Definition of metabolic syndrome

We identified abnormal metabolic syndrome compo-
nents based on the following criteria: waist circumference
>102 ¢m in men or>89 cm in women, blood pressure
>130/85 mmHg, fasting triglyceride level >150 mg/dl,
fasting HDL cholesterol level <40 mg/dl in men or 50 mg/
dl in women, and fasting blood glucose >100 mg/dl [1]. In
addition to reporting abnormalities in individual compo-
nents, we reported cases of clinically-defined metabolic
syndrome using the NCEP ATP III definition, defined as
the presence of three or more of these criteria [1].

Imaging-derived parameters of left ventricular function

We included the following imaging parameters, mea-
sured at rest: LVEF (UK Biobank fields 22420, 24103,
31060), LV end-diastolic volume (22421, 24100, 31061),
LV stroke volume (22423, 24102, 31064), cardiac output
(22424, 24104), and LV global longitudinal strain (22181).
These parameters were computed from the raw imaging
data using automated software and in-house algorithms
that were developed in previous studies [47, 48, 41, 42].
Details of the verification, validation, and quality control
measures are available in respective publications [47, 48,
41, 42].

Statistical analysis
All statistical analyses were performed using Python ver-
sion 3.8 and R version 4.1.1.
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Statistical tests

To compare variable distributions across different
groups, normality of continuous variable distributions
was assessed using the Shapiro—Wilk test. For compari-
sons of variables across two groups only, the independent
samples t-test was used to compare normal distributions.
The t-test was only performed if the sample size was>30
to preserve the validity of the Central Limit Theorem
assumption. The Mann—Whitney U-test was used for
non-normal distributions and holds regardless of sample
size. Multiple comparison corrections were not applied
here because each variable was tested independently
between the two groups considered, using a single test
per variable. For comparison across three groups, nor-
mally distributed variables were compared using one-
way analysis of variance (ANOVA) and non-normally
distributed variables were compared using the Kruksal-
Wallis test. Post-hoc pairwise p-values were calculated
using the Tukey HSD test after ANOVA, or Dunn’s test
for the Kruksal-Wallis test, and further adjusted using
Bonferroni correction to adjust those p-values by multi-
plying each pairwise p-value by the number of compari-
sons, i.e. 3. For the comparison of two or more categorial
variable distributions, we used the Chi-Squared test. For
comparison across three categorical groups using the
Chi-Squared test, multiple comparison corrections were
applied using the Bonferroni correction. All statistical
tests were two-sided. Statistical significance was defined
as p<0.05. Median and interquartile range (IQR) are
reported for continuous variables, while count and per-
centage are reported for categorical variables.

Missing data

Missing count and percentage of the full sample are
reported for all baseline variables as part of the cohort
description. For the outcome analysis of imaging-derived
parameters, we removed outliers with an LV end-dia-
stolic volume (LVEDV)>500 ml and imputed values
for imaging parameters that were missing completely at
random, using median imputation. To mitigate bias and
ensure the robustness of these results, we repeated the
same outcome analysis after discarding cases that did not
have a full set of imaging parameters (see Supplementary
Materials).

Model-based clustering: latent class analysis

HFpEF subgroups were established using latent class
analysis (LCA), a collection of unsupervised learning
approaches that estimate unobserved groups in a popu-
lation given a set of observed indicators. As opposed to
k-means or hierarchical clustering methods, which make
“hard” class assignments based on distances within and
between data-driven clusters, LCA assumes that the data
being treated comes from an underlying model which
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contains hidden subgroups, to which each datapoint i.e.
patient is probabilistically assigned to. Thus, in this con-
text, a model-based clustering approach is beneficial
compared to heuristic clustering, as it tends to reflect
reality more closely both in terms of probabilistic class
belonging and the existence of an underlying distribu-
tion, therefore making results more applicable to other
cohorts.

The indicator variables considered in our analysis
include binary variables representing the presence or
absence of individual cardiometabolic diseases as defined
earlier; the presence or absence of abnormal individual
metabolic syndrome components; and male or female
sex. We chose to perform LCA on the full cohort with
sex as an indicator variable, instead of performing two
distinct LCAs in the male and female subgroups, to avoid
further subgrouping into smaller clusters that may be less
representative. We calculated pairwise Phi coefficients
to measure the association between all possible pairs of
these binary variables, to avoid including highly associ-
ated variables in the model. To select the optimal number
of classes, consecutive models were fit with an increasing
number of classes. The following metrics were computed:
Akaike Information Criterion (AIC), Bayesian Informa-
tion Criterion (BIC), and the bootstrap likelihood ratio
(LR) test. AIC favours model fit and complexity, captur-
ing more complex patterns, while BIC penalises com-
plexity and is less prone to overfitting. The aim is to
minimise both, and select a model that fits the data well
while being neither too simple nor too complex. The LR
test compares the fit of two models with a different num-
ber of classes by evaluating whether adding an additional
class significantly improves the model fit, thus providing
another possible layer of validation to AIC and BIC. LCA
was implemented in R using the poLCA package. We ran
models with a varying number of possible classes ranging
between 1 and 7, with 5000 maximum iterations and 20
random starts to ensure reproducibility [49]. The LR test
had 50 bootstrap replications. poLCA uses the expecta-
tion—maximization algorithm, which can handle missing
data under the assumption that the data is missing at ran-
dom and estimates the model parameters based on the
available data.

Regression

A linear regression line was fit and the R* coefficient cal-
culated to quantify the relationship between individual
metabolic syndrome components and parameters of left
ventricular function.

Subgroup analyses

To mitigate possible bias introduced by the consider-
ation of patients with prevalent and incident HFpEF rela-
tive to the time of imaging, we carried out a subgroup
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analysis comparing the cardiometabolic profile of those
two subgroups to identify possible differences between
them, which may affect the way results are interpreted.
To achieve this, we repeated the statistical tests carried
out to compare cardiometabolic comorbidities, abnormal
metabolic syndrome components and clinically-defined
metabolic syndrome in patients with prevalent vs. inci-
dent HFpEF at the time of assessment.

Results

Cohort description

The study cohort consisted of 445 participants with
HFpEE. The cohort was mostly male (n=229, 67%),
elderly (median age of 70 years), of white ethnic-
ity (n=432, 97.1%), overweight with a BMI>25 kg/m?
(median BMI 27.9 kg/m?), regular or occasional alco-
hol drinkers (n=326, 73%), current or previous smok-
ers (n=226, 51%), on cholesterol lowering medication
(n=246, 55.3%) and on blood pressure medication
(n=245, 55.1%). Blood pressure IQRs were close to or the
same as elevated blood pressure ranges, i.e. SBP of 120—
139 mmHg or DBP of 70-89 mmHg, as defined by the
most recent European Society of Cardiology guidelines
[45]. These trends were conserved in both sexes, though
a higher proportion of males compared to females con-
sumed alcohol more frequently, were current or previous
smokers, and took either insulin, blood pressure medi-
cation or cholesterol-lowering medication. However,
there was a higher proportion of women with a history of
cancer compared to men (25.3% vs. 16.7%, p <0.05). Full
cohort characteristics are reported in Table 2.

Multimorbid cardiometabolic disease patterns differ in
men and women with HFpEF
The sex-specific distribution of cardiometabolic diseases
and metabolic syndrome co-existing with HFpEF in our
cohort is reported in Table 3, with the exact comorbid-
ity burden in men and women presented in Fig. 1. In
our cohort, 281 of 299 (94%) men and 133 of 146 (91%)
women were found to have at least one other cardio-
metabolic disease co-existing with HFpEF, and 224 of
299 (75%) men and 88 of 146 (60%) women had two or
more cardiometabolic comorbidities. We also found
that the most likely number of comorbidities co-existing
with HFpEF was differently distributed between men
and women (p =0.05), with the majority of men having 2
(n=102, 34.1%) or 3 (n=71, 23.7%) co-morbidities while
most women had 1 (n=45, 30.8%) or 2 (n =44, 30.1%).
The most common specific comorbidity pattern was
hypertension and obesity combined, both in men (n=62,
21%) and women (n=29, 20%). Other comorbidity pat-
terns differed in men vs. women (Fig. 1). We found a
significant difference in the distribution of obesity and
ischemic heart disease cases in men vs. women (n=141
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(47.2%) vs n=43 (29.5%), p=0.001, and n=216 (72.2%) vs
88 (60.3%), p = 0.02, respectively).

Latent class analysis reveals three distinct clusters based
on cardiometabolic diseases and metabolic syndrome
components in HFpEF

No pair-wise associations with a Phi coefficient > 0.4 were
observed so we retained all candidate indicator variables
for model optimisation (Supplementary Fig. 1). The opti-
mal number of latent classes based on the given indicator
variables was found to be 3, based on agreement between
AIC and BIC (Supplementary Fig. 3). The results of the
LR test were not significant but we have included test
results for completeness and transparency (Supplemen-
tary Fig. 3).

Of the 445 patients in the cohort, 117 (26%) were
assigned to Group 1, 116 (26%) to group 2 and 212 (48%)
to group 3. The breakdown of class-conditional prob-
ability estimates of each variable used to perform LCA is
given in Fig. 2. Group 1 was characterised by the high-
est probability of a patient having a record of singular
or co-morbid ischemic heart disease, hypertension, dia-
betes, CKD and stroke, as well as the highest likelihood
of any abnormal metabolic syndrome component, aside
from waist circumference. Group 2 was characterised by
the highest probability of a patient having obesity and
an abnormally high waist circumference. Group 3 was
characterised by absolute or relatively low probabili-
ties of patients having any cardiometabolic disease or
abnormal metabolic syndrome components, aside from
hypertension and high BP which were comparable to
Group 2. Group 1 had the highest likelihood of a patient
being male (84%). In proportion, there were fewer men in
Groups 2 (55%) and 3 (65%) compared to the number of
men in the entire cohort (299 of 445 patients, 67%).

We found several significant differences in socio-demo-
graphic, lifestyle, and clinical characteristics across the
three subgroups (Table 4). Group 1 was found to be the
most elderly subgroup, also with the highest median SBP,
blood glucose and triglycerides, lowest HDL-C levels,
and highest proportion of medicated patients including
cholesterol lowering medication, blood pressure medica-
tion and insulin. Patients in Group 2 had the highest BMI
and waist circumference, which is expected considering
the obese profile of the group. Finally, patients in Group
3 had the highest proportion of non-smokers, both previ-
ous and current, highest HDL-C and lowest triglyceride
levels.

Left ventricular function across identified HFpEF
cardiometabolic phenogroups

We compared LVEF, global longitudinal strain, LVEDYV,
LV stroke volume, and cardiac output across the three
groups identified by LCA in the HFpEF cohort in the
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Table 2 Demographic, socio-economic, lifestyle, and clinical characteristics of participants in the study sample, stratified by sex

Alln=445 Males n=299 (67%) Females n=146 (33%) p-value
Count (%) Missing (%) Count (%) Missing (%) Count (%) or Missing (%)
or Median or Median Median (Q1-Q3)
(Q1-Q3) (Q1-Q3)
Demographics
Age, years 70.0 (66.0-74.0) 0 (0.0%) 71.0 (66.0-74.0) 0 (0.0%) 70.0 (65.2-73.0) 0 (0.0%) 0.09
Ethnicity - 0 (0.0%) - 0 (0.0%) - 0 (0.0%) 0.16
White 432 (97.1%) - 289 (96.7%) - 143 (97.9%) - -
Black 1(0.2%) - 0 - 1(0.7%) - -
Asian 6 (1.3%) - 6 (2.0%) - 0 - -
Mixed 1(0.7%) - 0 - 1(0.7%) - -
Other 5(1.1%) - 4(1.3%) - 1(0.7%) - -
Socio-economic background
Have college or university degree 66 (14.8%) 0 (0.0%) 45 (15.1%) 0 (0.0%) 21 (14.4%) 0 (0.0%) 0.97
Employment status - 0 (0.0%) - 0 (0.0%) - 0 (0.09%) 0.64
Employed 73 (16.4%) - 52 (17.4%) - 21 (14.4%) - -
Retired 329 (73.9%) - 217 (72.6%) - 112 (76.7%) - -
Use private healthcare 72 (16.2%) 0 (0.0%) 48 (16.1%) 0 (0.0%) 24 (16.4%) 0 (0.0%) 1
Lifestyle characteristics
BMI, kg/m? 279 (24.9-32.0) 15(34%) 284 (25.1-31.6) 10(3.3%) 27.0(244-321)  5(34%) 0.09
Waist circumference, cm 95.0 14 (3.1%) 98.0 10 (3.3%) 87.0(78.0-98.0) 4 (2.7%) <0.001
(85.4-105.0) (90.0-107.0)
Waist-to-hip ratio 0.9(0.9-1.0) 14 (3.1%) 1.0 (0.9-1.0) 10 (3.3%) 0.8 (0.8-0.9) 4(2.7%) <0.001
Alcohol - 0 (0.0%) - 0 (0.0%) - 0 (0.0%) <0.001
Never 0 (6.7%) - 6 (5.4%) - 4 (9.6%) - -
<3timesa month 9 (20.0%) - 6 (15.4%) - 43 (29.5%) - -
1-2 times weekly 99 (22.2%) - 59 (19.7%) - 40 (27.4%) - -
3-4 times weekly 123 (27.6%) - 6 (32.1%) - 27 (18.5%) - -
Daily 104 (23.4%) - 2 (27 4%) - 22 (15.1%) - -
Smoking - 9 (2.0%) - 5(1.7%) 4(2.7%) 0.001
Never 210 (47.2%) - 124 (41.5%) - 86 (58.9%) - -
Previous 208 (46.7%) - 158 (52.8%) - 50 (34.2%) - -
Current 18 (4.0%) - 12 (4.0%) - 6 (4.1%) - -
Unknown 9 (2.0%) - 5(1.7%) - 4(2.7%) - -
Clinical measurements
SBP, mm/Hg 142.0 69 (15.5%) 142.5 48 (16.1%) 140.0 21 (14.4%) 0.18
(130.0-155.1) (130.0-157.0) (130.5-151.5)
DBP, mm/Hg 76.0 (70.0-84.0) 69 (15.5%) 76.5(71.0-84.0) 48(16.1%) 75.0 (68.0-83.5) 21 (14.4%) 0.17
HDL-C, mmol/L 1.3(1.1-1.5) (121%) 1.2(1.0-14) 3-4(114%) 1.5(1.2-1.8) 20 (13.7%) <0.001
Blood glucose, mmol/L 5.0 (4.7-5.5) 4 (12.1%) 5.0 (4.7-55) 34 (11.4%) 5.0 (4.7-54) 20 (13.7%) 035
Triglycerides, mmol/L 1.6 (1.1-2.3) ( .2%) 1.7 (1.2-2.4) 11 (3.7%) 14(1.0-19) 2 (8.2%) <0.001
Medication
Cholesterol lowering medication 246 (55.3%) 0 (0.0%) 188 (62.9%) 0 (0.0%) 58 (39.7%) 0 (0.0%) <0.001
Blood pressure medication 245 (55.1%) 0 (0.0%) 179 (59.9%) 0 (0.0%) 66 (45.2%) 0 (0.0%) 0.005
Insulin 13 (2.9%) 0 (0.0%) 9 (3.0%) 0(0.0%) 4(2.7%) 0(0.0%) 1
Medical history
Cardiomyopathy 14 (3.1%) 0 (0.0%) 9 (3.0%) 0 (0.0%) 5(3.4%) 0 (0.0%) 1
Cancer (all types) 87 (19.6%) 0(0.0%) 50 (16.7%) 0 (0.0%) 37 (25.3%) 0 (0.0%) 0.04
Lung cancer 2 (0.4%) 0 (0.0%) 1(0.3%) 0 (0.0%) 1(0.7%) 0 (0.0%) 1
Breast cancer 16 (3.6%) 0 (0.0%) - - 16 (11.0%) 0 (0.0%) -

Statistical tests were used to compare characteristics between male and female subgroups. All continuous variables were compared using the Mann-Whitney
U-test aside from waist-to-hip ratio and SBP which were assessed using the independent t-test. Categorical variables were compared using the Chi-square test. The
p-values reported refer to the individual results of those respective tests. For sex-specific columns, percentage for each count is reported as the percent of that sex
subgroup. HFpEF: heart failure with preserved ejection fraction; IQR: inter-quartile range; BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood
pressure; HDL-C: high-density lipoprotein cholesterol
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Table 3 Cardiometabolic comorbidity burden and metabolic
syndrome in the study sample, stratified by sex

Alln=445 Males Females
n=299 n=146
Count (%) Count (%) Count (%) p-

value

MetS components and clinically-defined syndrome

Waist circumference 180 (40.4%) 113 (37.8%) 67 (45.9%) 0.13
>102 cm (M)

or>89cm (F)

BP 335(753%) 226 (756%) 109 0.92
>130/85 mmHg (74.7%)
Triglycerides 197 (44.3%) 148 (49.5%) 49 (33.6%) 0.002
>150 mg/dl

HDL-C 120 (27.0%) 81 (27.1%) 39 (26.7%) 1
<40 mg/dl (M)

or <50 mg/dl (F)

Glucose 86 (19.3%) 63 (21.1%) 23(15.8%) 0.23
>100 mg/dl

Clinically-defined 146 (32.8%) 103 (344%) 43(295%) 034
MetS

(>3 components)
Cardiometabolic comorbidities

Ischemic heart 184 (413%) 141 (472%) 43 (29.5%) 0.001
disease
Hypertension 339 (76.2%) 233(77.9%) 106 0.26
(72.6%)

Diabetes 68 (153%) 49 (16.4%) 19 (13.0%) 043
Obesity 304 (68.3%) 216(722%) 88(60.3%) 0.02
CKD 46 (10.3%) 34 (11.4%) 12(8.2%) 039
MASLD 7 (1.6%) 3(1.0%) 4 (2.7%) 033
Stroke 28 (6.3%) 18 (6.0%) 10(6.8%) 0.90
Number of additional 0.05
comorbidities*

0 (HFpEF only) 31 (7.0%) 18 (6.0%) 13(89%) -

1 102 (22.9%) 57(19.1%)  45(30.8%) -

2 146 (32.8%) 102 (34.1%) 44 (30.1%) -

3 102 (22.9%) 71 (23.7%) 31 (21.2%) -

4 48 (10.8%)  38(12.7%) 10 (6.8%) -

5 12 (2.7%) 10 (3.3%) 2 (1.4%) -

6 4 (0.9%) 3(1.0%) 1(0.7%) -

The Chi-square test was used to compare categorical variables between male
and female subgroups. The p-values reported refer to the individual results
of those respective tests. For sex-specific columns, percentage for each
count is reported as the percent of that sex subgroup. *Number of additional
comorbidities refers to the number of cases with n cardiometabolic diseases
as defined in main text, additionally to HFpEF, and excluding MetS which we
consider separately. HFpEF: heart failure with preserved ejection fraction; MetS:
metabolic syndrome

previous stage. Three outlier cases (LVEDV>500 ml)
were removed and 30 cases had one or more missing
parameter values, which we imputed. Results of this anal-
ysis are visualised in Fig. 3. Results of the same analysis,
repeated after excluding cases without a full set of imag-
ing parameters instead of imputation, are available in
Supplementary Fig. 4. Both analyses yielded very similar
results.
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Cardiac output was significantly higher in men and
women in Group 2 vs. Group 3 (males: median 5.6 L/min
vs. 5.2 L/min, p<0.05; females: 5.1 L/min vs. 4.4 L/min,
p<0.01). Absolute global longitudinal strain was signifi-
cantly lower in women in Group 1 vs. Group 2 (-17.6%
vs. -18.5%, p <0.05). There were no statistically significant
differences in LVEF, LVEDYV or stroke volume across the
three groups.

Significant sex-specific differences within each group
were observed for LVEDV, stroke volume and cardiac
output. These parameters in men were consistently
higher than in women, consistent with known underlying
sex-dependent anatomical differences in cardiac cham-
ber volumes. Men and women had significantly different
distributions of LVEF in Group 2, with higher LVEF in
women (59% vs. 56%, p <0.01). Global longitudinal strain
differed significantly within Group 2 with higher absolute
values observed in women (-18.5% vs. -17.7%, p<0.05),
suggesting that contractility in females with HFpEF is
similar to males with HFpEF except from Group 2.

Finally, we did not observe any statistically strong
relationships between individual metabolic syndrome
components i.e. waist circumference, blood pressure,
triglycerides, HDL cholesterol and blood glucose, with
LVEE, global longitudinal strain, LVEDV, stroke volume,
and cardiac output in our cohort (Supplementary Fig. 5).

Subgroup analysis: prevalent vs incident HFpEF

We compared the cardiometabolic profile of patients
with prevalent and incident HFpEF at the time of imag-
ing (Supplementary Table 1). There were very little dif-
ferences between the two, with the only significant
differences found between those two subgroups being
a higher proportion of patients in the incident HFpEF
subgroup, compared to prevalent HFpEF, with BP lev-
els considered abnormally high in metabolic syndrome
terms (n=227 (79.1%) vs. n=108 (68.4%)), and more
CKD diagnoses (n=37 (12.9%) vs. n=9 (5.7%)). These
findings suggest that patients with prevalent HFpEF at
the time of imaging and incident HFpEF (mean follow-
up of 3.3 years), have a similar cardiometabolic burden at
the time of imaging. This strongly supports our rationale
of considering these jointly for the purposes of this study
and its design. However, these results must still be inter-
preted within the context and limitations of our study
and the wider UK Biobank, which we discuss in the fol-
lowing section.

Discussion

This study provides an in-depth analysis of cardio-
metabolic HFpEF by examining the cardiometabolic
comorbidity burden and metabolic syndrome in a ret-
rospective cohort of elderly men and women with
HFpEF, and assessing the relation between different
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Fig. 1 Cardiometabolic comorbidity burden in male (n=299) and female (n=146) HFpEF patients. Labels on the y-axis are coded with binary digits in-
dicating the presence (1) or absence (0) of cardiometabolic comorbidities in the following order: ischemic heart disease, hypertension, diabetes, obesity,
chronic kidney disease, MASLD, stroke. HFpEF: heart failure with preserved ejection fraction, IHD: ischemic heart disease, HT: hypertension, DM: diabetes
mellitus, CKD: chronic kidney disease, MASLD: metabolic dysfunction-associated fatty liver disease.
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Fig. 2 Latent class analysis results: estimated class-conditional probability of each variable being positive in respective classes. By a positive variable
response, we refer here to sex being male, individual MetS components being beyond their respective normal clinical thresholds, and individual cardio-
metabolic diseases being present. Group 1 n=117, group 2 n=116, group 3 n=212. MetS: metabolic syndrome, circ.: circumference, BP: blood pressure,
triglyc.: triglycerides, HDL-C: high-density lipoprotein cholesterol, IHD: ischemic heart disease, HT: hypertension, DM: diabetes mellitus, CKD: chronic
kidney disease, MASLD: metabolic dysfunction-associated fatty liver disease.

cardiometabolic profiles and cardiac function and hemo-
dynamics. We found that the combination of hyperten-
sion and obesity was the most common comorbidity
pattern both in men and women with HFpEF, but that
the following most common comorbidity patterns in men
and women were different. Most men had 2-3 clinical
cardiometabolic comorbidities while most women had

1-2, despite a similar profile in terms of abnormal meta-
bolic syndrome components.

Given patients’ cardiometabolic diseases and metabolic
syndrome profile, we identified three distinct clusters
of HFpEF patients, namely one with the highest likeli-
hood of being male, elderly, and being multimorbid with
an abnormal metabolic profile (n=117); a group with a
high prevalence of severe obesity and abnormal waist
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Table 4 Latent class analysis results: socio-demographic, lifestyle, and clinical characteristics compared across the different clusters

identified
Group 1 n=117 Group2n=116 Group3n=212
Median (Q1-Q3) or Median (Q1-Q3) or Median (Q1-Q3) or p-value (raw) p-value
Count (%) Count (%) Count (%) (adjusted)
Socio-demographics
Sex, male 102 (87.2%) 60 (51.7%) 137 (64.6%) <0.001 <0.001
Age, years 71.0 (68.0-75.0) 69.0 (64.0-72.0) 71.0 (66.0-74.0) 0.002 0.183,0.001, 0.095
Ethnicity - - - 0.58 1.0
White 112 (95.7%) 115 (99.1%) 205 (96.7%) - -
Black 1(0.9%) 0 (0.0%) 0 (0.0%) - -
Asian 2(1.7%) 0 (0.0%) 4 (1.9%) - -
Mixed 0 (0.0%) 0 (0.0%) 1(0.5%) - -
Other 2 (1.7%) 1(0.9%) 2(0.9%) - -
Lifestyle characteristics
BMI, kg/m? 304 (27.5-33.6) 32.7(29.6-35.8) 24.9(23.2-26.9) <0.001 <0.001,
0.001,<0.001
Waist circumference, cm 101.0 (95.0-110.0) 105.0 (98.8-114.0) 85.0 (80.0-92.0) <0.001 <0.001,
0.028,<0.001
Waist to hip ratio 1.0 (0.9-1.0) 0.9(0.9-1.0) 0.9 (0.8-0.9) <0.001 <0.001,
0.113,<0.001
Alcohol - - - 0.21 063
Never 0(8.5%) 6 (5.2%) 14 (6.6%) - -
<3timesamonth 9 (16.2%) 29 (25.0%) 41 (19.3%) - -
1-2 times weekly 28 (23.9%) 3(28.4%) 38(17.9%) - -
3-4 times weekly 3(28.2%) 4 (20.7%) 66 (31.1%) - -
Daily (23 1%) 4 (20.7%) 53 (25. O%) -
Smoking - - - 0.02 0.05
Never 45 (39.1%) 55 (47.8%) 110 (53.4%) - -
Previous 67 (58.3%) 1 (44.3%) 90 (43.7%) - -
Current 3(2.6%) 9 (7.8%) 6 (2.9%) - -
Clinical measurements
SBP, mm/Hg 150.2 (138.6-160.0) 138.8 (125.8-153.6) 139.0 (129.0-152.5) <0.001 <0.001,0.001,1.0
DBP, mm/Hg 76.5 (70.5-84.0) 79.5 (70.0-86.6) 75.0 (69.6-82.0) 0.02 1.0, 0.68,0.05
HDL-C, mmol/L 1.1(1.0-13) 1.3(1.0-1.5) 14(1.2-17) <0.001 <0.001,0.001,
0.039
Blood glucose, mmol/L 54 (4.8-5.9) 49(4.7-53) 49 (4.6-5.3) <0.001 <0.001,<0.001,1.0
Triglycerides, mmol/L 2.0(1.4-25) 1.8(1.4-2.3) 14(1.0-19) <0.001 <0.001,
0.69,<0.001
Medication
Cholesterol lowering medication 96 (82.1%) 52 (44.8%) 98 (46.2%) <0.001 <0.001
Blood pressure medication 94 (80.3%) 60 (51.7%) 91 (42.9%) <0.001 <0.001
Insulin 12 (10.3%) 1(0.9%) 0 (0.0%) <0.001 <0.001

Statistical tests were used to compare characteristics across the three groups. Continuous variables were assessed for normality using the Shapiro-Wilk test.
Normally distributed variables were compared across the three groups using one-way analysis of variance (ANOVA). Non-normally distributed variables were
compared using the Kruksal-Wallis test. Post-hoc pairwise p-values were obtained using the Tukey HSD test after ANOVA, or Dunn’s test for the Kruksal-Wallis test,
and further adjusted using Bonferroni correction (adjusted p-values for continuous comparisons between groups 1vs. 2,2 vs. 3,and 1 vs. 3, respectively). Categorical
variables were compared using the Chi-square test and also adjusted using Bonferroni correction. Percentage for each count is calculated relative to each respective
subgroup. HFpEF: heart failure with preserved ejection fraction; IQR: inter-quartile range; BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood
pressure; HDL-C: high-density lipoprotein cholesterol

circumference with the lowest relative proportion of
females (n=116); and a final group with an apparently
lower comorbidity burden aside from hypertension, gen-
erally “healthier” clinical measurements and the highest
proportion of non-smokers (n=212). Certain charac-
teristics observed in these three clusters overlap with

some of the key clinical HFpEF phenotypes that have

been proposed previously, namely complex multimor-
bid HFpEF [36, 38], obese HEpEF [50], and hypertensive
HFpEF [51]. Importantly, however, these phenotypical
cluster characteristics are not always mutually exclusive,
hence the importance of probabilistic grouping and, in
more practical terms, a holistic consideration of different
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Fig. 3 Distribution of CMR image-derived left ventricular function parameters in the HFpEF cardiometabolic phenogroups identified. For normally dis-
tributed parameter distributions of sample size n, independent samples t-test was performed only if n>30 to preserve the validity of the Central Limit
Theorem assumption. For non-normal distributions, the Mann Whitney U-test holds regardless of sample size. CMR: cardiac magnetic resonance; HFpEF:

heart failure with preserved ejection fraction.

clinical characteristics of HFpEF when assessing individ-
ual patients.

Women had higher LVEF compared to men in the
subgroup with high prevalence of severe obesity. Global
longitudinal strain in women was similar to men except
in the highly obese subgroup, where men had worse con-
tractility. Cardiac output was significantly higher in the
more obese group compared to the least comorbid group,
and global longitudinal strain was lower, i.e. contractility
was worse, in women in the highly comorbid subgroup
compared to the more obese subgroup.

Challenges in management and treatment of multimorbid
HFpEF

Cardiometabolic HFpEF is considered the most preva-
lent and highest-risk form of HFpEF [21, 3]. Our results
highlight the existence of a broad variety of highly mul-
timorbid, abnormal metabolic profiles within the HFpEF
population studied. These systemic disturbances are

likely to drive a poorer quality of life, symptoms, and
higher non-cardiovascular death rates associated with
HEFpEF [52, 6]. SGLT2 inhibitors are the only existing
therapy with proven benefit in HFpEF patients; a benefit
that is due to lower HF hospitalisation rates, but with no
significant reduction of cardiovascular mortality nor clin-
ically meaningful improvements in quality-of-life scores
[53, 51, 54]. Our findings strengthen the need to pursue
a personalised, phenotype-specific approach to optimally
manage HFpEF. Furthermore, patients with obesity and
HFpEF have been shown to have an exacerbated symp-
tom burden, be more prone to exercise intolerance, and
have higher rates of hospitalisation for HF [55, 56, 57].
Identifying and addressing modifiable risk factors such
as BMI and obesity may help to control disease progres-
sion and improve adverse outcomes in HFpEF. Our study
provides a further clinical characterisation of the car-
diometabolic HFpEF phenotype, supporting our under-
standing of the variety of patient profiles that exist within
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cardiometabolic HFpEF including obesity, and thus con-
tributing to a better identification of different patient
subgroups eligible for optimal therapeutic strategies.

Sex-specific differences in HFpEF rates and
cardiometabolic profiles

A study by Fry et al. presented evidence of a “healthy vol-
unteer” bias among the UK Biobank study population,
with the prevalence of self-reported conditions being
lower than that of the general UK population as reported
in national health surveys [58]. One particular finding
suggests that this bias is even more pronounced for cases
of cardiovascular disease reported in women compared
to men: only 7.4% of women aged 45-64 in the UK Bio-
bank were reported as having cardiovascular disease, as
opposed to 25.5% in the general population, while rates
for men in the same age range were 16.1% in the UK Bio-
bank vs 29.4% in the general population. The “healthy
volunteer” bias explained by Fry et al, exacerbated in
sex-specific reports of cardiovascular disease, could pos-
sibly explain the unexpected sex-specific distribution
of HFpEF cases identified in our UK Biobank cohort,
despite our subset of participants with imaging data,
regardless of HF status, consisting of 52% women. How-
ever, we still found that women with HFpEF were more
likely to have a lower comorbidity burden compared to
men, which aligns with previously published studies [59,
60].

HFpEF, diabetes and chronic kidney disease

The pathophysiological pathways involved in the car-
dio-renal-metabolic axis all contribute to HFpEF and
the adverse progression of connected systemic diseases,
including diabetes and CKD [36, 51]. A recent meta-anal-
ysis of large-scale HFmrEF (HF with mildly reduced EF)
and HFpEF clinical trials highlighted the high prevalence
of comorbid diabetes and CKD in those cohorts, with
rates as high as 35-40% in four major trials. We found
comparatively low rates of diabetes (n=68, 15.3%) and
CKD (n=46, 10.3%). One plausible explanation for this
discrepancy is that HFpEF is commonly underdiagnosed
in patients with type 2 diabetes and CKD in the general
population [61, 62, 63]. Indeed, challenges in HFpEF
diagnosis may be responsible for unrecognised HFpEF in
UK Biobank participants with diabetes or CKD. The lack
of complete linkage of the UK Biobank to primary care
records (as of early 2025) could also be responsible for
missing cases of diabetes and CKD, as both diseases are
more likely to be identified in primary care settings [40].

Clinical relevance of global longitudinal strain and cardiac
output in HFpEF

Impaired global longitudinal strain (GLS), i.e. a lower
absolute value, is common in HFpEF. It is associated with
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reduced contractility and diastolic dysfunction, and is a
strong predictor of adverse events and disease progres-
sion [32, 33]. Studies have shown that obese patients and
those with higher BMI have impaired GLS [64], and that
metabolic syndrome is also associated with impaired
GLS, with central obesity being the most strongly associ-
ated component [65]. We found that women in the most
highly comorbid subgroup had a significantly lower GLS
absolute value compared to those in the subgroup with
highest rates of obesity and abnormal waist circumfer-
ence. Women in the obese subgroup had a higher abso-
lute GLS value compared to men in the same subgroup,
which aligns with previous studies showing that GLS
tends to be higher in women than men [66, 67] and that
male sex is an independent predictor of GLS decline [68].
This expected sex-specific difference, however, was not
observed in subgroup 1 with high comorbidity burden
nor in subgroup 3 with a high likelihood of hypertension.
These heterogenous results highlight the importance of
considering sex and existing comorbidities beyond obe-
sity as important factors in the interpretation of GLS in
the context of HFpEF.

A reduced cardiac output, notably during exercise, is
one of the hallmarks of HFpEF [69, 70]. At rest, cardiac
output tends to be normal in HFpEF, but variations may
occur due to underlying or comorbid conditions [71].
We found that cardiac output measured non-invasively
at rest was lower in Group 3 (apparently “healthier” but
hypertensive) compared to Group 2 (obese and abnormal
waist circumference). This finding may be reflective of
high-output HF, a form of HF that typically results from
the body’s increased demand for blood resulting from
increased metabolic activity and/or excessive vasodilata-
tion, which are both common in obesity [72]. A previous
study also showed that increasing severity of obesity in
HFpEF patients was associated with a higher cardiac out-
put at rest, which further supports our findings [73].

Novelty compared to existing HFpEF phenotyping studies

Unlike previous HFpEF studies, our clustering approach
is based exclusively on sex and cardiometabolic dis-
turbances, the main pathophysiological drivers of
HFpEE. Previous studies approach clustering from a
much wider angle, typically based a broader set of vari-
ables, aside from a few exceptions— one study clustered
HFpEF patients based on>300 blood-based biomark-
ers [31], while another clustered based on non-cardiac
conditions, frailty and nutrition indicators in the elderly
[24]. We considered CMR imaging-derived parameters
beyond the LVEF as study outcomes, to compare cardiac
health in the different phenogroups identified. A couple
of other studies also considered imaging parameters as
outcomes, however neither included global longitudinal
strain despite its clinical relevance in HFpEF [21, 31].
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In contrast, other studies considered these parameters
as clustering variables rather than outcomes [22, 74, 25,
26, 27, 20, 28], or did not include them in their analyses
[23, 24, 29, 30]. Finally, the use of LCA and probabilistic
grouping in our study provides advantages over k-means
or hierarchical clustering approaches previously used [25,
26, 30, 31].

Strengths and limitations

A key strength of this study comes from the richness
and quality of UK Biobank data, which was recorded fol-
lowing a robustly validated and systematic data record-
ing protocol, helping to minimise data collection bias.
The multi-centre nature of the UK Biobank allows for
better geographical coverage and diversity of the study
population at a national level. The depth of data available
enabled an extensive characterisation of each case in our
study sample.

However, the constraints imposed by our research
question limited our cohort to include only participants
with CMR data, a record of HF, and an EF>50%. Due to
the timing of our study in the lifespan of the UK Biobank,
this led to a relatively small HFpEF cohort, however we
hope this may pave the way for larger and possibly longi-
tudinal, comparative studies of HFpEF in the UK Biobank
in the future as more cases arise. Incomplete linkage to
primary care data in the UK Biobank is another limita-
tion which we discussed in context earlier. The small
cohort size may weaken the reliability and generalisability
of statistical analyses, especially for subgroup analyses. In
addition, HFpEF develops very gradually and is challeng-
ing to diagnose, meaning that the date at which it was
first recorded clinically may not always capture the con-
dition at consistent stages of disease progression across
different patients. We acknowledge the newly emerging
definition of obesity as a clinical illness linked to organ
dysfunction due to excess adiposity [75]. However, this
definition has not been widely adopted in medical prac-
tice yet, and ascertaining “clinical obesity” is complex and
beyond the scope of this paper, therefore we decided to
define obesity using traditional BMI-based criteria. Data
on exercise intolerance could provide more informa-
tion on the difference between subgroups, however the
UK Biobank did not collect imaging data under exer-
cise conditions. This would be important to consider
in the design of future biobanks or cohort studies of
HFpEEF. Finally, causal inferences cannot be made given
the design of the study, and the study did not include an
external validation cohort. Due to these limitations, fur-
ther phenotyping studies are warranted to validate these
results, especially when translating findings to HFpEF
populations of different sex, socio-economic background
and ethnicity, to address any biases that may exist due to
the demographics of the UK Biobank.
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The challenges of obtaining both large cohorts and
“deep” i.e. multi-modal data for highly robust HFpEF
phenotyping studies are widely acknowledged. To tackle
this, the UK HFpEF Collaborative Group and the US
National Heart, Lung and Blood Institute (NHLBI), for
example, have set up specific consortia to aggregate mul-
tiple existing HFpEF data sources and collect new data
across a range of clinical modalities in order to enable
larger-scale, more effective HFpEF phenotyping research
and trials to take place [76, 77, 78].

Conclusion

Our study provides focused insights into the distribution
of cardiometabolic multimorbidity burden and metabolic
syndrome profiles of men and women with HFpEF in an
elderly cohort from the UK Biobank. Latent class analysis
based on patients’ cardiometabolic profile yielded three
distinct, clinically relevant phenogroups, namely: an
older, more male and multimorbid subgroup; a subgroup
with a high prevalence of severe obesity with the highest
relative proportion of females; and a generally healthier
yet hypertensive subgroup with a less severe cardiometa-
bolic profile. We found significant differences in body
shape and mass measurements, lipid biomarkers and
medication across the different groups identified. Differ-
ential analysis of imaging-derived parameters of left ven-
tricular function suggested a higher cardiac output in the
most obese subgroup, as well as higher global longitudi-
nal strain in women compared to men in this subgroup.
Coupled with current challenges and limitations of
HFpEF treatment, our work aligns with the vision of per-
sonalised medicine by providing further evidence sup-
porting phenotype-specific classification and subsequent
disease management routes, especially regarding the con-
trol of modifiable yet highly prevalent risk factors such
as hypertension and obesity. Further studies in larger
cohorts are warranted to validate these findings, espe-
cially in women and populations of different ethnicities.
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