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Abstract

Background Cardiovascular magnetic resonance (CMR) imaging shows promise in estimating pulmonary capillary wedge
pressure (PCWP) non-invasively. At the population level, the prognostic role of CMR-modelled PCWP remains unknown. Fur-
thermore, the relationship between CMR-modelled PCWP and established risk factors for cardiovascular disease has not been
well characterized.
Objective The main aim of this study was to investigate the prognostic value of CMR-modelled PCWP at the population level.
Methods Employing data from the imaging substudy of the UK Biobank, a very large prospective population-based cohort
study, CMR-modelled PCWP was calculated using a model incorporating left atrial volume, left ventricular mass and sex. Lo-
gistic regression explored the relationships between typical cardiovascular risk factors and raised CMR-modelled PCWP
(≥15 mmHg). Cox regression was used to examine the impact of typical risk factors and CMR-modelled PCWP on heart failure
(HF) and major adverse cardiovascular events (MACE).
Results Data from 39 163 participants were included in the study. Median age of all participants was 64 years (inter-quartile
range: 58 to 70), and 47% were males. Clinical characteristics independently associated with raised CMR-modelled PCWP
included hypertension [odds ratio (OR) 1.57, 95% confidence interval (CI) 1.44–1.70, P < 0.001], body mass index (BMI)
[OR 1.57, 95% CI 1.52–1.62, per standard deviation (SD) increment, P < 0.001], male sex (OR 1.37, 95% CI 1.26–1.47,
P < 0.001), age (OR 1.33, 95% CI 1.27–1.41, per decade increment, P < 0.001) and regular alcohol consumption (OR 1.10,
95% CI 1.02–1.19, P = 0.012). After adjusting for potential confounders, CMR-modelled PCWP was independently associated
with incident HF [hazard ratio (HR) 2.91, 95% CI 2.07–4.07, P < 0.001] and MACE (HR 1.48, 95% CI 1.16–1.89, P = 0.002).
Conclusions Raised CMR-modelled PCWP is an independent risk factor for incident HF and MACE. CMR-modelled PCWP
should be incorporated into routine CMR reports to guide HF diagnosis and further management.
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One sentence summary: CMR-modelled PCWP independently predicts incident heart failure and MACE in the UK Biobank.

Introduction

The prevalence of heart failure (HF) is increasing, primarily
due to an ageing population and better treatment of cardio-
vascular conditions (e.g., ischaemic heart disease) that can

give rise to HF.1 Despite advances in managing cardiovascular
disease, the prognosis of patients with HF remains poor, with
quality of life markedly reduced.2 Following the initial diagno-
sis, HF patients are hospitalized once per year on average,
and two in three will not be alive 5 years following
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diagnosis.3,4 The hallmark of HF is raised left ventricular (LV)
filling pressure (LVFP). This can be estimated from pulmonary
capillary wedge pressure (PCWP), which can be measured di-
rectly using the reference standard, cardiac catheterization.
Invasive assessment is not feasible or required for most pa-
tients with suspected HF, and LVFP is conventionally evalu-
ated using multiparametric echocardiography.5

With its high spatial resolution, excellent signal-to-noise
ratio and inherent tomographic nature, cardiovascular mag-
netic resonance (CMR) imaging is evolving into a valuable
tool in the diagnostic workflow of patients with suspected
HF.6 CMR is the gold-standard imaging technique for quanti-
fying ventricular volumes and myocardial mass, and for
assessing tissue characterization, and regional and global
systolic function. Several LV diastolic function indices can be
derived from CMR, analogous to echocardiography, including
myocardial deformation using strain analysis and phase-con-
trast CMR-derived transmitral and pulmonary venous flow.7

These indices require sophisticated postprocessing and fre-
quently dedicated imaging sequences. LV mass and left atrial
volume (LAV) are parameters readily obtainable by CMR that
have been shown to correlate independently with invasively
measured PCWP in patients with breathlessness.8

We have previously published a CMR-derived model
predicting PCWP using LV mass and maximum LAV, which
has exhibited good specificity (92%) and negative predictive
value (78%) for dichotomous identification of raised invasive
PCWP (≥15 mmHg).8 Of value clinically, CMR-modelled PCWP
demonstrated superior concordance to invasive assessment
in classifying patients as ‘normal’ or ‘raised’ PCWP compared
with echocardiography (76% vs. 25%). Further, there is the
suggestion that CMR-modelled PCWP may be superior to
invasive measurement to predict mortality. This may relate
to the chronic influence of LVFP on left atrial size rather than
snapshots captured during cardiac catheterization.8,9 There is
a need to validate CMR-modelled PCWP in external cohorts,
understand the factors influencing LVFP and evaluate its util-
ity as a cardiac biomarker in predicting clinically important
outcomes in larger cohorts.

This prospective population-based cohort study used data
from the UK Biobank (UKB) and had two primary aims: first,
to evaluate and quantify the relationship between estab-
lished risk factors for cardiovascular disease and
CMR-modelled PCWP; second, to investigate the prognostic
value of raised CMR-modelled PCWP.

Methods

UK Biobank

UKB is a health research resource of major international
importance.10 It is a prospective cohort study with deep

genetic, lifestyle, physical, and health data collected on
~500 000 people aged 40–69 years at enrolment.11 Initial
enrolment lasted 4 years from 2006, and participants will
be followed-up for at least 30 years. The data from laboratory
tests, imaging investigations, and genetic analysis are accessi-
ble to researchers undertaking health-related research in the
public interest.

Linkages with hospital episode statistics and death regis-
ters allow prospective tracking of health outcomes for all
participants, documented according to the International
Classification of Disease codes (Tables S1 and S2). UKB has
also produced algorithmically defined outcomes for key ill-
nesses, such as acute myocardial infarction, which integrate
data from several sources.12

Study population

The 43 666 participants who entered the imaging substudy of
the UKB between April 2014 and March 2020 were included
in this study. The North West Multi-Centre Research Ethics
Committee approved the UKB study in June 2011 (11/NW/
0382), which was extended on 18 June 2021 (21/NW/0157).
All individuals provided informed consent at the time of en-
rolment in UKB.

Cardiovascular magnetic resonance imaging

The UKB CMR imaging protocol and image analysis have been
described previously.13,14 All participants underwent CMR
using a 1.5 Tesla scanner (MAGNETOM Aera, Syngo Platform
VD13A, Siemens Healthcare, Erlangen, Germany). For cardiac
function, three long-axis cines (two-, three- and four-cham-
ber) and a complete short-axis stack covering the left ventri-
cle (LV) and right ventricle (RV) were acquired at one slice per
breath-hold. All acquisitions used balanced steady-state free
precession with typical parameters: TR/TE = 2.6/1.1 ms, flip
angle 80°, Grappa factor 2, voxel size 1.8 × 1.8 × 8 mm
(6 mm for long-axis). The actual temporal resolution of
32 ms was interpolated to 50 phases per cardiac cycle
(~20 ms).

CMR image analysis

As described in detail elsewhere, a standard operating
procedure for the analysis of each cardiac chamber was
developed.14 RV endocardial borders, LV endocardial and epi-
cardial borders, and LA endocardial borders were manually
traced in the end-diastolic and end-systolic phases for the
first 5065 participants. This allowed the creation of
ground-truth contours for atrial and ventricular volumes
and LV mass. LV papillary muscles were included as part of
LV end-diastolic and end-systolic volumes and excluded from
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LV mass (LVM) to reduce observer variability. LAV was
calculated using the biplane area-length method. A deep
learning algorithm was trained to derive LV volumetric pa-
rameters and LVM using these manually annotated images.
Using a three-dimensional statistical shape model embedded
in a deep neural network, the LA was automatically seg-
mented in both four- and two-chamber views. These
methods and quality control processes have been reported
previously, where segmentation performance accuracy is
comparable to human experts.15 These algorithms were
deployed at scale for the remainder of the participants
within the UKB imaging sub study to derive LAV and LVM.16

A model to estimate PCWP using sex and CMR-obtained
LVM and LAV was applied to the UKB cohort (Supporting
information Methods).17

Statistical analysis

Continuous variables are reported as medians with
inter-quartile ranges (IQR). Categorical variables are reported
as numbers and percentages. The baseline characteristics of
the included participants were stratified by CMR-modelled
PCWP and compared using one-way ANOVA statistics.

Statistical analysis was performed using R (version 4.1.1) in
RStudio Server (version 2022.12.0). Restricted cubic spline re-
gression was performed using the RMS package, and survival
analysis was performed using the ‘survminer’ and adjusted
Curves packages.

Regression analyses

Treating CMR-modelled PCWP as a dichotomous variable
(<15 vs. ≥15 mmHg), univariable logistic regression was used
to explore the relationships between PCWP and typical risk
factors for cardiovascular disease. Variables significantly asso-
ciated with increased odds of elevated PCWP in univariable
logistic regression models were taken forward into a multi-
variable model.

Because preliminary analysis indicated that the relation-
ship between PCWP and age was non-linear, models using or-
dinal least squares regression with restricted cubic splines
were constructed. This allowed the relationship between
CMR-modelled PCWP and age to be modelled semi-
independently across different age segments (knots). The
data were partitioned into a training set (75%) and a valida-
tion (25%) set. The optimal number of knots was determined
through iteration on the training set to minimize the Akaike
information criterion (AIC). The AIC measures relative model
performance, balancing the goodness of fit against model
complexity. The performance of models using the optimal
number of knots was assessed in both the training and valida-
tion sets. Residual mean square error, mean absolute error

and R2 statistic were used to compare model performance
between the two datasets.

Multivariable ordinary least squares regression was used
to model the relationship between CMR-modelled PCWP
and age (restricted cubic spline with nine knots) in the
training set, adjusted for typical cardiovascular risk factors.
The modelled relationship was visually inspected to identify
an inflection point, defined as the abrupt change in the re-
lationship between CMR-modelled PCWP and age. The
modelling process was repeated in the validation set to
confirm the shape of this relationship and the position of
the inflection point. The age at this inflection point was
used as the dichotomized age variable for subsequent
analyses.

To understand the risk of elevated PCWP in individuals
with different combinations of risk factors, a multivariable
logistic regression model was constructed to predict the
probability of elevated PCWP given age (modelled using a re-
stricted cubic spline with nine knots), systolic blood pressure
(SBP), sex and the presence of obesity. The absolute risk of
elevated PCWP was calculated for males and females, obese
and non-obese, for each decade of age (from 40 to 80 years)
and each 20 mmHg increment of SBP (from 120 to
180 mmHg). The relative risk for each increment of age and
SBP, in the presence and absence of obesity, was calculated
separately for males and females compared with the risk of
the group with the lowest SBP and age. The results were pre-
sented within a nomogram.

Survival analysis

Univariable Cox proportional hazards regression was used to
explore the impact of typical risk factors for cardiovascular
disease, and CMR-modelled PCWP, on the primary outcomes
of incident HF and major adverse cardiovascular events
(MACE). After adjusting for potential confounders, multivari-
able Cox regression models were created to explore the
impact of CMR-modelled PCWP on HF and MACE. The as-
sumption of proportional hazards was assessed by visually
examining the scaled Schoenfeld residuals.

The significance threshold was set at P < 0.05.

Outcomes

This study investigated two primary outcomes: incident HF
and MACE. Incident HF was defined as patients who pre-
sented with HF symptoms and signs to emergency depart-
ments and needed hospital admission for decompensated
HF. MACE was defined as the composite outcome of the fol-
lowing recorded outcomes: non-fatal myocardial infarction,
non-fatal stroke and cardiovascular death.
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Results

Study population

CMR imaging data were available for 43 666 participants.
There were 4503 participants excluded because the image
quality precluded the determination of LVM or LAV. Then
39 163 participants were included in the study. The baseline
characteristics are summarized in Table 1, stratified by
CMR-modelled PCWP. Of these, 3179 (8.1%) participants
had raised CMR-modelled PCWP. The median age of all par-
ticipants was 64 years (IQR 58 to 70), and 18 465 (47%) were
male.

Participants with raised CMR-modelled PCWP were older
than participants with normal CMR-modelled PCWP (66 years,
IQR 59 to 72, vs. 64 years, IQR 58 to 70, P < 0.001), more
frequently male (57% vs. 46%, P < 0.001), reported a higher
frequency of smoking history (40% vs. 37%, P < 0.001), were
more frequently regular consumers of alcohol (47% vs. 45%,
P = 0.01) and had a higher body mass index (BMI) (27.1 kg/
m2, IQR 24.4 to 30.5, vs. 25.1 kg/m2, IQR 22.8–27.8). Those
with raised CMR-modelled PCWP, in comparison with partic-
ipants with normal CMR-modelled PCWP, were found to have
a higher frequency of diabetes (8.1% vs. 5.4%, P < 0.001),
hypertension (48% vs. 30%, P < 0.001), and hyperlipidaemia
(41% vs. 34%, P < 0.001).

Factors influencing CMR-modelled PCWP

The primary continuous variables that exhibited a significant
correlation with CMR PCWP included the following: SBP
[β = 0.02, R = 0.23, regression equation: 9.9 + 0.02x, 95% con-
fidence interval (CI) 0.019, 0.021, P < 0.001], diastolic blood

pressure (β = 0.015, R = 0.1, regression equation:
12 + 0.015x, 95% CI 0.013, 0.017, P < 0.001) and BMI
(β = 0.098, R = 0.25, regression equation: 10 + 0.098x, 95%
CI 0.094, 0.102, P < 0.001).

Treating CMR-modelled PCWP as a dichotomous outcome
variable (<15 mmHg vs. ≥15 mmHg) in univariable logistic re-
gression models, all exposure variables analysed, excluding
ethnicity, were associated with CMR-modelled PCWP
(Table 2). In descending order by odds ratio (OR), these in-
cluded hypertension (OR 2.13, 95% CI 1.98–2.29,
P < 0.001), BMI (OR 1.58, 95% CI 1.53–1.63, per standard de-
viation (SD) increment, P < 0.001), male sex (OR 1.56, 95% CI
1.45–1.68, P < 0.001), diabetes (OR 1.52, 95% CI 1.33–1.74,
P< 0.001), age (OR 1.33, 95% CI 1.27–1.40, per decade incre-
ment, P < 0.001), hyperlipidaemia (OR 1.31, 95% CI 1.21–
1.41, P < 0.001), positive smoking history (OR 1.13, 95% CI
1.05–1.21, P = 0.002), and regular alcohol consumption (OR
1.10, 95% CI 1.02–1.18, P = 0.01).

In multivariable logistic regression modelling, five factors
were positively associated with elevated CMR-modelled
PCWP: hypertension (OR 1.57, 95% CI 1.44–1.70,
P < 0.001), BMI (OR 1.57, 95% CI 1.52–1.62, per SD incre-
ment, P < 0.001), male sex (OR 1.37, 95% CI 1.26–1.47,
P< 0.001), age (OR 1.33, 95% CI 1.27–1.41, per decade incre-
ment, P < 0.001), and regular alcohol consumption (OR 1.10,
95% CI 1.02–1.19, P = 0.012) (Figure 1).

Age and CMR-modelled PCWP

When the relationship between CMR-modelled PCWP and
age was modelled using a restricted cubic spline of age with
nine knots, adjusted for all covariables studied, there was lit-
tle correlation between CMR-modelled PCWP and age until

Table 1 Baseline characteristics stratified by cardiovascular magnetic resonance-modelled left ventricular filling pressure.

Characteristic
All participants LVFP < 15 mmHg LVFP ≥ 15 mmHg

P valuen = 39 163 n = 35 984 n = 3179

Age (years)a 64 (58, 70) 64 (58, 70) 66 (59, 72) <0.001
Male sex, n (%) 18 465 (47) 16 641 (46) 1824 (57) <0.001
White ethnicity, n (%) 37 856 (97) 34 782 (97) 3074 (97) >0.9
Body mass index (kg/m2)a 25.2 (22.9, 28.1) 25.1 (22.8, 27.8) 27.1 (24.4, 30.5) <0.001

Smoking
Never, n (%) 24 301 (63) 22 435 (63) 1866 (59) <0.001b

Previous, n (%) 13 172 (34) 12 007 (34) 1165 (37)
Current, n (%) 1309 (3.4) 1194 (3.4) 115 (3.7)

Alcohol
Regular alcohol intakec, n (%) 17 633 (45) 16 135 (45) 1498 (47) 0.014

Comorbidities
Diabetes mellitus, n (%) 2213 (5.7) 1957 (5.4) 256 (8.1) <0.001
Hypertension, n (%) 12 362 (32) 10 840 (30) 1522 (48) <0.001
Hyperlipidaemia, n (%) 13 633 (35) 12 344 (34) 1289 (41) <0.001

Abbreviation: LVFP, left ventricular filling pressure;
aMedian (inter-quartile range).
bOne-way ANOVA.
cAt least three times a week.

Risk factors for raised left ventricular filling pressure by cardiovascular magnetic resonance: Prognostic insights 4151

ESC Heart Failure 2024; 11: 4148–4159
DOI: 10.1002/ehf2.15011

 20555822, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.15011 by <

Shibboleth>
-m

em
ber@

leeds.ac.uk, W
iley O

nline L
ibrary on [17/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



around 70 years, after which CMR-modelled PCWP increased
rapidly with age (Figure 2). The shape of this relationship was
confirmed through repeat modelling in the holdout validation
set (Table S3).

Effect of CMR-modelled PCWP and typical
cardiovascular risk factors on incident HF and
MACE

In univariable Cox regression models, four of the factors asso-
ciated with raised CMR-modelled PCWP in multivariable lo-
gistic regression modelling, and raised CMR-modelled PCWP
itself, were associated with an increased hazard for incident
HF: elevated CMR-modelled PCWP (HR 5.76, 95% CI 4.22–
7.88, P < 0.001), hypertension (HR 4.09, 95% CI 3.08–5.43,
P < 0.001), age (HR 3.35, 95% CI 2.70–4.16, per decade incre-
ment, P < 0.001), male sex (HR 2.04, 95% CI 1.54–2.70,
P < 0.001) and BMI (HR 1.35, 95% CI 1.21–1.51, per SD incre-
ment, P < 0.001) (Table 3). Higher LV ejection fraction was

associated with lower hazard of incident HF (HR 0.88, 95%
CI 0.87–0.90, P < 0.001). Similar results were obtained for
incident MACE (Table 3).

In a multivariable Cox regression model examining factors
associated with incident HF (Figure 3A), age (HR 2.76, 95% CI
2.21–3.44, per decade increment, P < 0.001), hypertension
(HR 2.32, 95% CI 1.72–3.13, P < 0.001), BMI (HR 1.21, 95%
CI 1.07–1.38, per SD increment, P < 0.001), and elevated
CMR-modelled PCWP (HR 2.91, 95% CI 2.07–4.07,
P < 0.001) were significantly associated with an increased
hazard of incident HF. Higher LV ejection fraction was associ-
ated with a lower hazard of incident HF (HR 0.91, 95% CI
0.90–0.92, P < 0.001). Male sex was no longer significantly
associated with incident HF.

In a multivariable Cox regression model examining factors
associated with incident MACE (Figure 3B), age (HR 1.96, 95%
CI 1.76–2.19, P < 0.001), male sex (HR 1.94, 95% CI 1.65–
2.29), hypertension (HR 1.78, 95% CI 1.52–2.08), BMI (HR
1.10, 95% CI 1.02–1.19, per SD increment, P = 0.01) and ele-
vated CMR-modelled PCWP (HR 1.48, 95% CI 1.16–1.89,

Table 2 Univariable logistic regression model of risk factors for raised cardiovascular magnetic resonance-modelling pulmonary capillary
wedge pressure (≥15 mmHg).

Characteristic n OR 95% CI P value

Age (per decade increment) 39 163 1.33 1.27, 1.40 <0.001
Male sex 39 163 1.56 1.45, 1.68 <0.001
White ethnicity 39 152 1.00 0.82, 1.23 >0.9
Body mass index per SD increment 39 163 1.58 1.53, 1.63 <0.001
Previous or current smoker 39 078 1.13 1.05, 1.21 0.002
Diabetes 39,163 1.52 1.33, 1.74 <0.001
Hypertension 39 163 2.13 1.98, 2.29 <0.001
Hyperlipidaemia 39 163 1.31 1.21, 1.41 <0.001
Regular alcohol consumption 39 163 1.10 1.02, 1.18 0.013

Abbreviations: CI, confidence interval; OR, odds ratio; SD, standard deviation.

Figure 1 Forest plot showing the relationships between baseline characteristics and raised CMR-modelled PCWP, as determined by multivariable
logistic regression (≥15 mmHg). BMI, body mass index; CI, confidence interval; CMR, cardiovascular magnetic resonance; OR, odds ratio;
PCWP, pulmonary capillary wedge pressure; SD, standard deviation.
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P = 0.002) were significantly associated with an increased
hazard of MACE. Higher LV ejection fraction was associated
with a lower hazard of incident MACE (HR 0.98, 95% CI
0.97–0.99, P < 0.001).

In Kaplan–Meier survival analysis (Figure 4), individuals
with raised CMR-modelled PCWP were more likely to develop
incident HF than those with normal CMR-modelled PCWP at
6 year follow-up (5% vs. 1%, χ2 = 154, P < 0.00001). In addi-

Figure 2 Relationships between CMR-modelled PCWP and age modelled using a cubic spline of age with nine knots, adjusted for all covariables.
Hypertension shifts the curves similarly in both female and male UK Biobank participants, and the age dependency with an inflection point at age
70 is similar in both sexes. CMR, cardiovascular magnetic resonance; PCWP, pulmonary capillary wedge pressure.

Table 3 Univariable logistic regression model for factors associated with an increased hazard for incident heart failure and MACE.

Characteristic n HR 95% CI P value

Outcome: Incident heart failure
Age (per decade) 38 958 3.35 2.70, 4.16 <0.001
Male sex 38 958 2.04 1.54, 2.70 <0.001
Hypertension 38 958 4.09 3.08, 5.43 <0.001
Body mass index per SD increment 38 958 1.35 1.21, 1.51 <0.001
Regular alcohol consumption 38 958 0.83 0.63, 1.10 0.2
Elevated CMR-modelled PCWP (≥15 mmHg) 38 958 5.76 4.22, 7.88 <0.001
LA volume (ml) 38 958 1.03 1.02, 1.03 <0.001
LV mass (g) 38 958 1.03 1.02, 1.03 <0.001
LV end-diastolic volume (ml) 38 958 1.02 1.01, 1.02 <0.001
LV end-systolic volume (ml) 38 958 1.03 1.03, 1.03 <0.001
LV ejection fraction (%) 38 958 0.88 0.87, 0.90 <0.001

Outcome: MACE
Age (per decade) 37 200 2.19 1.97, 2.43 <0.001
Male sex 37 200 2.47 2.11, 2.89 <0.001
Hypertension 37 200 2.53 2.18, 2.93 <0.001
Body mass index per SD increment 37 200 1.19 1.11, 1.27 <0.001
Regular alcohol consumption 37 200 0.92 0.80, 1.07 0.3
Elevated CMR-modelled PCWP (≥15 mmHg) 37 200 2.06 1.62, 2.61 <0.001
LA volume (mL) 37 200 1.01 1.00, 1.01 <0.001
LV mass (g) 37 200 1.02 1.02, 1.02 <0.001
LV end-diastolic volume (mL) 37 200 1.01 1.00, 1.01 <0.001
LV end-systolic volume (mL) 37 200 1.01 1.01, 1.02 <0.001
LV ejection fraction (%) 37 200 0.96 0.95, 0.98 <0.001

Abbreviations: CI, confidence interval; CMR, cardiovascular magnetic resonance; HR, hazard ratio; LA, left atrial; LV, left ventricular; MACE,
major adverse cardiovascular event; PCWP, pulmonary capillary wedge pressure; SD, standard deviation.
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tion, the probability of incident MACE was higher in individ-
uals with elevated CMR-modelled PCWP versus normal
CMR-modelled PCWP at 6 year follow-up (8% vs. 4%,
χ2 = 36, P < 0.00001). Even after adjustment for confounding
variables in the Cox-regression curve analysis, individuals
with elevated CMR-modelled PCWP remained more likely to
develop incident HF and experience MACE than those with
normal CMR-modelled PCWP. Cox curves for incident HF
and MACE, stratified by the presence or absence of elevated
CMR-modelled PCWP, are presented in Figure 5.

Figure 6 charts a risk-prediction tool for raised
CMR-modelled PCWP that includes different grades of SBP,
history of obesity, sex and age.

Discussion

This large-scale prospective cohort study of middle-to-older
aged individuals identified multiple clinically important in-
sights. First, age, male sex, hypertension, BMI and regular al-
cohol consumption were independently associated with
higher CMR-modelled PCWP. Second, a rapid rise in

CMR-modelled PCWP was observed above 70 years. Third, af-
ter accounting for confounding from other established car-
diovascular risk factors, including LV ejection fraction,
CMR-modelled PCWP was found to be an independent pre-
dictor for incident HF and MACE. These findings may have im-
plications for targeted population screening strategies and
mitigation and public health measures to reduce the risk of
HF development.

Elevated LVFP at rest or during exercise is the pathophysio-
logical hallmark of HF. Aside from its diagnostic role, it has a
specific value in identifying patients at increased risk of death,
and targeted reduction of LVFP has been shown to reduce HF
hospitalization.18,19 Echocardiography is a first-line imaging
tool for the assessment of individuals presenting with breath-
lessness or other signs or symptoms suggestive of HF and
allows for the detailed evaluation of cardiac function andmor-
phology. Because individual echocardiographic parameters
are poorly correlated with LV filling pressures,
multiparametric diagnostic algorithms have been developed
that integrate sophisticated functional and morphological
data from echocardiography to evaluate diastolic function.5

Nonetheless, the diagnostic utility of integrated echocardio-
graphic assessment has been debated, and the algorithm

Figure 3 Forest plot showing the adjusted hazard ratios for incident outcomes across a range of exposures, as determined by multivariable Cox re-
gression modelling: (A) HF; (B) MACE. BMI, body mass index; CI, confidence interval; CMR, cardiovascular magnetic resonance; LV, left ventricular;
MACE, major adverse cardiovascular event; OR, odds ratio; PCWP, pulmonary capillary wedge pressure.
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recommended by international guidelines has been found to
perform poorly.20 There is, therefore, an unmet clinical need
to identify complementary non-invasive imaging methods
that can risk-stratify patients at higher risk for raised filling
pressures and determine the prognostic significance of these
stratifications. Our group has previously derived and validated
a model to reliably estimate PCWP from CMR; this study ex-
pands on our previous work by demonstrating the prognostic
value of CMR-derived PCWP in a non-selected population.

In cases of new HF, or where there is diagnostic uncer-
tainty as to the cause of HF, CMR should be performed to
evaluate the underlying aetiology.21 For example, it can detect
myocardial ischaemia through stress perfusion imaging and
quantify infiltration and infarction using late gadolinium en-
hancement analysis and parametric mapping. It is also the gold
standard for the assessment of myocardial volume and mass,
both of which are key metrics in patients with HF. Until
recently, however, a major limitation of CMR has been the dif-
ficulty in evaluating diastolic function and estimating LVFP.

Central to this study was the use of a previously validated
predictive model for estimating LVFP from easily acquired
CMR metrics. This model has been subsequently upgraded
to accommodate the influence of sex on model performance.
The CMR-modelled PCWP model is dependent on LAV and
LVM, both established and highly reproducible independent

predictors of PCWP, as determined by right-heart
catheterization.13,22 The key advantage of this method of
deriving an estimated PCWP is the ease of measuring LVM
and LAV, with no requirement to obtain dedicated CMR se-
quences or to derive additional parameters from the images.

This study has demonstrated that hypertension, male sex,
ageing (especially for those >70 years), obesity and regular
consumption of alcohol are independently associated with a
raised CMR-modelled PCWP. These are expected findings,
and further corroborate the robustness of the model used.
The major effect of age on the vasculature is systemic hyper-
tension, resulting from an increase in arterial stiffness and
early wave reflections.23–25 This increase in afterload leads
to ventricular-arterial uncoupling and to a compensatory in-
crease in LVM. This in turn leads to a loss of LV compliance
and diastolic dysfunction, and to increased LAV, primarily
due to LA remodelling.22 Even when accounting for common
comorbid conditions (obesity, hypertension and diabetes), ar-
terial stiffness is consistently greater in patients with HF than
in those who, with similar comorbidities, do not have HF.26

Furthermore, evidence indicates that once the LV compliance
drops significantly and the RV wall thickness increases, then
disease may be no longer amenable to therapy.27 As such, a
therapeutic opportunity may rest in identifying patients with
preclinical diastolic dysfunction and who are at risk of HF. For

Figure 4 Kaplan–Meier survival curves stratified by CMR-modelled PCWP. (A) Incident heart failure; (B) MACE. CMR, cardiovascular magnetic reso-
nance; MACE, major adverse cardiovascular event; PCWP, pulmonary capillary wedge pressure.
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instance, the SPRINT trial showed that the risk of incipient HF
is reduced by 38% when SBP is targeted at <120 mmHg,28

compared with the standard target of <140 mmHg.29

Elevated BMI is also an established risk factor for new-onset
HF.30 It is a major determinant of arterial stiffness and is
associated with concentric LV hypertrophy and LV
dysfunction.30 To date, the relationship between obesity
and clinical outcome has not explicitly been investigated
within the obese HFpEF phenotype.27

This study sheds light on CMR-modelled PCWP at a popu-
lation level: by elucidating the risk factors for and prognostic
significance of elevated CMR-modelled PCWP, we can iden-
tify groups within the population at increased risk of raised
filling pressures and therefore poor outcomes. In specific
groups of patients with multiple risk factors for raised
CMR-modelled PCWP, there may be value in providing

further tests to confirm the presence of elevated LVFP and
thereby allow targeted intervention before the development
of symptoms to reduce the incidence of adverse outcomes.
Such a screening strategy, employing testing targeted to
the high risk groups identified by this study, is particularly
relevant for obese patients, in whom the sensitivity of
NTproBNP is lowered, even in the context of markedly
elevated LVFP.

To facilitate this approach, we have produced a nomogram
mapping the absolute and relative risks of elevated LVFP ac-
cording to sex, age, blood pressure and the presence or ab-
sence of obesity. For example, a 50 year-old female with an
SBP of 120 mmHg has a less than 5% risk of elevated CMR-
modelled PCWP, while a 80 year-old obese male with an
SBP of 160 mmHg has an absolute risk >30%, and a 12-fold
increased risk compared with the lowest risk males.

Figure 5 Cox survival curves (line, 95% confidence interval: shaded) stratified by the presence or absence of elevated CMR-modelled PCWP. The left
panel shows unadjusted survival for the two groups, from univariable regression Cox models, while the right panel shows survival adjusted for con-
founding variables using multivariable Cox models. (A) Incident heart failure; (B) adjusted incident heart failure; (C) MACE; (D) adjusted MACE.
CMR, cardiovascular magnetic resonance; MACE, major adverse cardiovascular event; PCWP, pulmonary capillary wedge pressure.
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Limitations

There is a healthy volunteer selection bias in the UKB
cohort.31 Therefore, external validation in independent
samples and other population cohorts should be conducted
in future studies. The UKB imaging study consists predomi-
nantly of White British individuals, making generalizability
to other ethnicities challenging, especially because there is
a recognized difference in HF between different ethnic
groups, often driven by variations in the prevalence of hyper-
tension, diabetes mellitus and socioeconomic status.32

Furthermore, the relationship between CMR-modelled and
invasive LVFP has been explored and validated in only one
study. The large sample size, alongside the fact we used
CMR-modelled PCWP as a dichotomous variable, adds ro-
bustness but does not reduce the risk of systematic bias.
There is the potential for residual confounding that may have
influenced the observed association between CMR-modelled
PCWP and clinical outcomes, despite adjusting for various co-
variates. We encourage future research to further investigate
and clarify the complex relationships between variables,
their underlying mechanisms, and the prognostic value of
CMR-modelling PCWP in predicting cardiovascular outcomes.

Conclusions

CMR-modelled PCWP is independently associated with
incident HF and MACE. Independent risk factors for raised
CMR-modelled PCWP include age, male sex, hypertension,
increased BMI and regular alcohol consumption. There is a
rapid rise in CMR-modelled PCWP after the age of 70 years.
These findings may have implications for developing targeted
screening strategies at the population level for HF.
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