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Abstract
Ventricular-vascular interaction is central in the adaptation to cardiovascular disease. However, cardiomyopathy patients are 
predominantly monitored using cardiac biomarkers. The aim of this study is therefore to explore aortic function in dilated 
cardiomyopathy (DCM). Fourteen idiopathic DCM patients and 16 controls underwent cardiac magnetic resonance imaging, 
with aortic relative pressure derived using physics-based image processing and a virtual cohort utilized to assess the impact 
of cardiovascular properties on aortic behaviour. Subjects with reduced left ventricular systolic function had significantly 
reduced aortic relative pressure, increased aortic stiffness, and significantly delayed time-to-pressure peak duration. From 
the virtual cohort, aortic stiffness and aortic volumetric size were identified as key determinants of aortic relative pressure. 
As such, this study shows how advanced flow imaging and aortic hemodynamic evaluation could provide novel insights 
into the manifestation of DCM, with signs of both altered aortic structure and function derived in DCM using our proposed 
imaging protocol.
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Introduction

The heart and the vasculature are inherently coupled, and 
remodelling mechanisms on one side is commonly attrib-
uted to pathological manifestation on the other. Arterial 
and ventricular stiffening has been observed in heart fail-
ure patients with preserved ejection fraction [6]. Pulse 
wave velocity and augmentation index—arterial measures 
related to vascular stiffness—have both been correlated to 
left ventricular (LV) systolic dysfunction [43, 48]. Vascu-
lar hemodynamics have also been closely coupled to ven-
tricular function, with aortic relative pressure—the change 
in blood pressure over aortic segments—being linked to 
aortic capacitance/stiffness, LV remodelling [7], aortopa-
thies (e.g. coarctation, aneurysm, or dissection) [28], and 
even hypertrophic outflow tract obstruction [21]. Despite 
this, arterial function is seldom studied in cardiomyopa-
thy patients. Instead, cardiomyopathy is typically seen as 
a “heart-only” disease, with diagnosis and intervention 
guided primarily using measures of cardiac function.

Despite clear anatomical and functional phenotypes, 
dilated cardiomyopathy (DCM) is commonly idiopathic 
with associated poor prognosis [13]. Refined prognostic 
and diagnostic biomarkers are thus merited, and herein, 
ventricular-vascular interaction has been hypothesized as 
a key component in understanding disease progression. An 
increased aortic stiffness has been identified in DCM [5], 
and vascular hemodynamics have been linked to disease 
development, with systemic hypertension correlated to 
DCM mortality [1]. Interestingly, the prognosis following 
cardiac resynchronization of heart failure patients (includ-
ing DCMs) [51] and the ability to induce left ventricular 
reverse remodelling (experienced in up to 40% of all DCM 
patients [36]) have been related to arterial behaviour, high-
lighting the importance of the vasculature.

To date, the clinical assessment of cardiovascular func-
tion has been largely based on medical imaging. In addi-
tion to diagnosing DCM by means of LV size and function, 
myocardial tissue characterization by cardiac magnetic 
resonance imaging (MRI) (using T1 or T2 mapping) is 
being increasingly used in clinical assessment [19]. To 
this, phase-contrast (PC-) MRI methods such as 2D or 
4D flow MRI [16] now permit comprehensive evaluation 
of blood flow in the cardiovascular system. 4D flow MRI 
in particular has uncovered altered diastolic ventricular 
flow routes in DCM [17], quantified aortic relative pres-
sure in association with ventricular remodelling [7], and 
has enabled accurate estimation of relative pressure in vivo 
[14, 34]. MRI flow imaging has been suggested as a pos-
sible tool for assessing ventricular-vascular behaviour in 
chronic heart failure [11] and right ventricular pulmonary 
coupling [29]. Thus, 4D flow MRI can provide a more 

comprehensive evaluation of cardiac and vascular behav-
iour and may allow for refined understanding of ventricu-
lar-vascular interaction in DCM patients.

Therefore, the objective of this study was to examine aor-
tic hemodynamics in a clinical cohort of idiopathic DCM 
patients with reduced and preserved LV systolic function, 
using non-invasive 4D flow MRI, to better understand the 
relationship between vascular alterations and cardiac dis-
ease. In particular, aortic relative pressure—directly derived 
from the 4D flow MRI data—was chosen to represent the 
aortic hemodynamic state, based on the fact that relative 
pressure has been shown to describe both cardiac function 
and reservoir status in vivo [7, 21, 28, 32]. Furthermore, 
given the challenges of studying isolated effects of arterial 
and ventricular perturbations in vivo due to their physio-
logic interdependence, we developed a computational virtual 
cohort [49] (using a model which simulates blood flow in 
the larger systemic arteries) to understand the impact of indi-
vidual cardiovascular properties on aortic relative pressure. 
Using this combination of 4D flow MRI and computational 
cardiovascular simulations techniques, we aimed to map aor-
tic and cardiac hemodynamic function and explore possible 
signs of ventricular-vascular interplay in DCM.

Methods

Figure 1 shows an overview of all utilized data sources. 
Additionally, extracted quantities are specified, showing the 
spectrum of cardiac and aortic parameters analysed.

Study Population

In this retrospective study, 14 patients and 16 healthy con-
trols were included. Adult subjects were recruited at the 
St Thomas’ Hospital, King’s College London, through the 
British Heart Foundation Integrated Mathematical Model-
ling and Imaging for Dilated Cardiomyopathy (BHF-IMMI) 
project, with data acquired during March 2013–April 2014. 
The inclusion criteria for the patient cohort were patients 
aged > 18 years and diagnosed with non-ischemic sympto-
matic DCM-related heart failure (NYHA class III, includ-
ing echocardiographic ejection fraction (EF) = 35–45% at 
recruitment) which was deemed idiopathic in nature after 
clinical evaluation. The exclusion criteria were known air-
way disease, pregnancy, renal or hepatic impairment, pre-
vious history of angina or cardiac arrhythmias for which 
continuous administration of beta blockers was deemed nec-
essary, as well as contraindications to MRI. In addition to 
DCM patients, healthy control subjects without any known 
cardiovascular, pulmonary, renal, hepatic, diabetic, or other 
systemic diseases were recruited from the BHF-IMMI 
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project. Assessment of potential valvular disease was not 
part of the inclusion/exclusion protocol.

Patient treatment followed guideline medical manage-
ment for heart failure, specifically including beta blocker 
administration. At the time of MRI, a subgroup of DCM 
patients presented with preserved systolic LV function fol-
lowing medical therapy. Consequently, the DCM cohort 
was divided into two subgroups: subjects with reduced LV 
systolic function (DCMred, LV ejection fraction (EF) < 50%, 
n = 9) and subjects with preserved LV systolic function 
(DCMpres, EF ≥ 50%, n = 5). Prior to data collection, the 
entire patient cohort had their beta blocker treatment discon-
tinued for 48 h to examine native cardiovascular function.

All subjects provided informed consent, with data collec-
tion approved by the Regional Ethics Committee, South East 
London, UK (REC, 12/LO/1456). Subject demographics are 
shown in Table 1.

Imaging, Data Collection, and Post‑Processing

Cardiac Functional Imaging

MRI was performed at 1.5 T (Philips ACHIEVA) using a 
32-channel cardiac coil. Cardiac function and characteristics 
were assessed using cine steady-state-free precession (SSFP) 
MRI of stacked short axis and three long axis view planes. 

Left and right ventricular end-systolic and end-diastolic vol-
umes, along with cardiac output metrics (EF, stroke volume 
(SV), cardiac output (CO), cardiac index (CI)) were obtained 
from all subjects (imaging and processing details are pro-
vided in Supplementary Material). Total scan time for the 
SSFP MRI was approximately 3 min.

Vascular Flow Imaging and Aortic Relative Pressure 
Estimation

All subjects were imaged using 4D flow MRI (eightfold 
acquisition using the k-t PCA technique [40] in combination 
with a sparsifying transform [27], spatial resolution ~ 2.5 
mm3, temporal resolution ~ 33 ms, prospective ECG gating, 
velocity encoding range ~ 120–190 cm/s). Total scan time for 
the 4D flow MRI was approximately 9–17 min. The thoracic 
aorta was segmented using an in-house software, with aor-
tic anatomical entities (mean curvature, mean length from 
aortic outflow to the diaphragm, mean diameter over the 
entire segmented section) quantified. Aortic relative pres-
sure was computed from the left ventricular outflow tract 
(LVOT) to the diaphragm level of the descending aorta 
using a validated virtual work-energy approach (see Marlevi 
et al. [34] and Supplementary Material). From each relative 
pressure trace, maximum and minimum relative pressures 
were derived. Additionally, time-to-peak relative pressure 

Fig. 1   Overview of assessed study metrics. Overview of the assessed 
metrics of the study, with cardiovascular (CV) characteristics given 
by cardiac MRI, aortic hemodynamics from 4D flow MRI, and cen-
tral blood pressure from sphygmomanometer measures. The isolated 
influence of listed cardiovascular properties on aortic relative pres-

sure is determined using a computational virtual cohort. LV, left 
ventricle. RV, right ventricle. EDV, end-diastolic volume. ESV, end-
systolic volume. SV, stroke volume. EF, ejection fraction. CO, cardiac 
output. CI, cardiac index. PWV, pulse wave velocity. TTP, time-to-
peak relative pressure
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(TTP) was computed, given as the time from acquisition 
onset (triggered at ECG R-wave) to maximum relative pres-
sure. These three metrics were chosen to represent aortic 
hemodynamic behaviour, with positive and negative rela-
tive pressure relating to the acceleration and deceleration of 
blood through the aorta and with TTP relating to ventricular 
conduction [44] and myocardial contractility [42]. An illus-
tration of the derived metrics is given in Fig. 2.

Aortic pulse wave velocity (PWV) was derived using a 
validated cross-correlation method, assessing the transit time 
between the prescribed inlet (at around the left ventricular 
outflow tract) and outlet (at around the diaphragmal level) 
flows and showing the lowest sensitivity to noise and low 

temporal resolution among reviewed methods [20]. Aortic 
stiffness was subsequently calculated using the Moens-
Korteweg equation with subject-specific mean aortic radius 
and a constant wall thickness of 1.6 mm [37].

Central Blood Pressure Estimation

Central blood pressure (CBP) estimates were derived from 
brachial sphygmomanometer cuffing acquired prior to imag-
ing, using dedicated equipment (CENTRON cBP301, Sun-
Tech Medical Inc., Morrisville, NC, USA) where brachial 
pressures are converted into CBP by means of validated 
transfer functions [8].

Table 1    Key subject demographics. Key subject demographics for 
the DCMred, DCMpres, and control groups, respectively. Intragroup 
p-values are reported with significant differences indicated by * 

(p < 0.05), ** (p < 0.01), or *** (p < 0.001), as well as with the colour 
coding. 90% confidence intervals are given in brackets.

Variable DCMred

(n = 8)

DCMpres

(n = 5)

Controls

(n = 16)

p-value,

DCMred vs. 

Controls

p-value,

DCMpres

vs. 

Controls

p-value,

DCMred vs. 

DCMpres

Subject demographics 

Age [yrs] 50.9 ± 5.5 

[47.7 –54.1]

42.8 ± 15.5 

[31.4 – 54.2]

42.4 ± 12.4 

[37.3 – 47.5]

0.080 0.967 0.524

BMI [kg/m2] 30.2 ± 6.8 

[25.7 –34.7]

26.6 ± 7.6 

[21.0 – 32.2]

23.8 ± 3.7 

[22.2 – 25.4]

0.011* 0.458 0.429

BSA [m2] 2.05 ± 0.22

[1.93 –2.17]

1.83 ± 0.35 

[1.57 – 2.08]

1.85 ± 0.23 

[1.75 – 1.95]

0.053 0.965 0.284

Male / Female 

[n]

4 / 4 3 / 2 9 / 7 0.772 0.882 0.724

HR 

[beats/min]

66.0 ± 10.5 

[59.9 –72.1]

75.2 ± 15.8 

[63.6 – 86.8]

68.3 ± 8.0 

[64.9 – 71.7]

0.401 0.382 0.331
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Virtual Cohort

Structural and functional cardiovascular characteristics can 
be studied by means of non-invasive imaging. However, the 
interdependent nature of ventricular and vascular behaviour 
makes it difficult to isolate the effects of individual factors on 
cardiovascular function. Computational modelling, however, 
allows for the study of the physiological effects of specific 
parameters on the cardiovascular system in an isolated fash-
ion [10]. To understand aortic relative pressures, a virtual 
cohort was thus created, solving 1D blood flow equations 
through a systemic circulatory model, all based on the mod-
els described in Willemet et al. [49] and Alastruey et al. [2]. 
Importantly, such models have been extensively validated 
and verified to accurately represent 1D arterial hemodynamic 
behaviour through the larger arterial system [38, 41].

The virtual cohort was adjusted to match clinical charac-
teristics (arterial peripheral resistance, SV, cardiac period, 
aortic volumetric size, aortic stiffness), with both DCMred 
and DCMpres having a corresponding virtual subgroup. By 
varying isolated parameters around a subgroup baseline, the 
independent influence of these defined clinical characteris-
tics was assessed. With one baseline set, and two permuta-
tions per isolated parameter, that created a virtual cohort 
size of 11 subjects. In all instances, virtual relative pressures 
were derived from the LVOT to the descending aorta, with 
outputs normalized over aortic length. Technical details of 
the virtual cohort are provided in Supplementary Material.

Statistical Analysis

Statistical differences in subject characteristics, cardiac met-
rics, and aortic outputs were evaluated using a Mann–Whit-
ney U test for continuous data and a χ2 test for nominal data 
(significance inferred at p < 0.05). Outliers were evaluated 

by Tukey’s fences. For continuous variables, 90% confidence 
intervals were also derived.

The Pearson correlation coefficient was evaluated to 
assess potential correlations between subject characteristics 
and output metrics. Correlation was inferred for |R|> 0.5 and 
p < 0.002 (determined from p < 0.05 together with a Bonfer-
roni correction for m = 21 tested correlates, introduced to 
account for the multiple comparisons).

All evaluations were performed using MATLAB R2016a 
(MathWorks, Natick, MA, USA).

Results

Upon evaluation, one DCM subject with reduced LV sys-
tolic function was excluded following the identification 
of mild aortic stenosis (maximum aortic outflow veloc-
ity = 1.8 m/s versus group mean = 0.8 ± 0.3 m/s, falling 
beyond the outer Tukey fence) and signs of altered aortic 
geometry (LVOT cross-sectional area = 1.5 cm2 versus a 
group mean = 5.9 ± 2.9 cm2). No signs of valvular disease 
were observed in any of the other subjects.

Clinical Data and Subject Characteristics

Complete characteristics and data output are provided in 
Table 2. The DCMred group showed significantly higher 
body mass index (BMI) and LV volumes and signifi-
cantly lower LV EF, LV cardiac index (CI), as well as 
right ventricular (RV) CI compared to reference controls 
(with separation including full 90% confidence intervals). 
Systolic and mean blood pressures were also elevated. 
Beyond that, none of the derived anatomical measures on 
neither left nor the right heart indicated any statistical dif-
ference between groups. Note that none of the included 

Fig. 2   Overview of the virtual work-energy principle. Overview of 
the virtual work-energy principle to derive aortic relative pressure 
from 4D flow MRI (left). Aortic segmentations (S, upper mid-por-
tion) are shown together with corresponding virtual fields (lower mid-
portion), used to isolate aortic relative pressure. Maximum relative 

pressure, minimum relative pressure, and time-to-peak relative pres-
sure (TTP) are derived (right). Each case is processed individually, 
with the colour coding of the segmentations corresponding to the 
ones of the relative pressure traces
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Table 2    Data characteristics. Data and subject characteristics for the 
DCMred, DCMpres, and control groups, respectively. Intragroup p-val-
ues are reported with significant differences indicated by * (p < 0.05), 

** (p < 0.01), or *** (p < 0.001), as well as with the colour coding. 
Volumes are normalized by body surface area (BSA). 90% confidence 
intervals are given in brackets.

Variable DCMred

(n = 8)

DCMpres

(n = 5)

Controls

(n = 16)

p-value,

DCMred vs. 

Controls

p-value,

DCMpres

vs. 

Controls

p-value,

DCMred vs. 

DCMpres

Cine SSFP MRI 

LVEDV/BSA 

[mL/m2]

109.6 ± 38.9 

[86.9 –132.2]

86.7 ± 21.5 

[70.9 –102.5]

78.5 ± 9.4 

[74.3 – 82.6]

0.032* 0.687 0.435

LVESV/BSA 

[mL/m2]

69.2 ± 33.1 

[49.9 –88.5]

37.2 ± 11.9 

[28.5 – 46.0]

28.8 ± 6.6 

[25.9 – 31.7]

0.0003*** 0.186 0.045*

SV/BSA 

[mL/m2]

46.1 ± 10.9 

[39.8 –52.4]

47.0 ± 6.2 

[42.5 – 51.5]

49.6 ± 5.5 

[47.2 – 52.0]

0.562 0.500 0.943

EF [%] 41.6 ± 5.7 

[38.3 –45.0]

56.6 ± 6.1 

[52.1 – 61.1]

63.9 ± 5.9 

[61.4 – 66.5]

0.0001*** 0.049* 0.002**

CO [l/min] 6.1 ± 1.1 

[5.4 – 6.7]

6.3 ± 1.1

[5.5 – 7.1]

6.2 ± 1.0 

[5.8 – 6.6]

0.674 0.965 0.833

CI [l/(min/m2)] 2.9 ± 0.4 

[2.7 – 3.2]

3.5 ± 0.4 

[3.2 – 3.8]

3.4 ± 0.5 

[3.2 – 3.6]

0.032* 0.622 0.045*

RVEDV/BSA 

[mL]

86.0 ± 28.5 

[69.4 –102.5]

76.9 ± 13.1 

[67.3 – 86.5]

84.7 ± 8.6 

[80.9 – 88.4]

0.973 0.298 0.833

RVESV/BSA 

[mL]

44.3 ± 9.4 

[29.9 –53.5]

29.6 ± 7.7 

[23.9 – 35.3]

36.0 ± 5.3 

[33.6 – 38.3]

0.811 0.070 0.524
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Table 2   (continued)

RVSV/BSA 

[mL]

44.3 ± 9.4 

[38.8 –49.7]

47.1 ± 6.1 

[42.6 – 51.6]

49.5 ± 5.5 

[47.1 – 51.9]

0.207 0.559 0.524

RVEF [%] 53.3 ± 8.2 

[48.6 –58.1]

61.8 ± 4.7 

[58.4 – 65.2]

58.3 ± 4.1 

[56.5 – 60.0]

0.258 0.204 0.118

RVCO [l/min] 5.9 ± 1.1 

[5.2 – 6.5]

6.3 ± 1.1 

[5.5 – 7.1]

6.2 ± 1.0 

[5.8 – 6.6]

0.457 1.000 0.499

RVCI 

[l/(min/m2)]

2.9 ± 0.4 

[2.6 – 3.1]

3.5 ± 0.4 

[3.2 – 3.8]

3.4 ± 0.5 

[3.2 – 3.6]

0.019* 0.687 0.030*

Aortic 

curvature [-]

0.5 ± 0.1 

[0.5 – 0.6]

0.5 ± 0.0 

[0.5 – 0.6]

0.5 ± 0.1 

[0.5 – 0.6]

0.927 0.967 0.524

Aortic length 

[cm]

27.8 ± 4.8 

[25.0 –30.6]

26.9 ± 3.1 

[24.1 – 29.1]

25.5 ± 2.1 

[24.6 – 26.3]

0.426 0.710 0.833

Average 

thoracic aortic 

diameter [cm]

2.2 ± 0.2

[2.1 – 2.3]

1.8 ± 0.2

[1.7 – 1.9]

2.0 ± 0.2 

[1.9 – 2.1]

0.043* 0.301 0.036*

Central blood pressure 

SBP [mmHg] 125.3 ± 8.8 

[120.1 –130.4]

116 ± 10.2 

[108.5 –123.5]

116.9 ± 8.8 

[113.1 –120.8]

0.022* 0.985 0.165

DBP [mmHg] 75.5 ± 5.6 

[72.2 –78.8]

69.6 ± 7.3 

[64.2 – 75.0]

71.4 ± 5.8 

[68.8 – 73.9]

0.122 0.431 0.107

MBP [mmHg] 86.8 ± 4.9 

[83.9 –89.6]

79.6 ± 7.8 

[73.9 – 85.3]

81.3 ± 6.3 

[78.5 – 84.1]

0.034* 0.514 0.064
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patients had any previous incidences of either myocarditis 
or chemotherapy .

Aortic Relative Pressure in Dilated Cardiomyopathy 
Patients

Aortic relative pressure characteristics are provided in 
Table 3, with Fig. 3 showing comparisons of flow-derived 
markers.

The DCMred group showed a significantly decreased 
maximum aortic relative pressure compared to both 
DCMpres and reference controls, with an average reduction 
of 22% (61.6 ± 10.0 mmHg/m vs. 78.9 ± 18.0 mmHg/m, 
p = 0.022). The differentiation also included complete 
separation of 90% confidence intervals. However, this dif-
ference was not reflected for the minimum relative pres-
sure, where similar values were obtained as for the control 
group.

Table 3    Aortic flow analysis. Aortic relative pressure metrics for the 
DCMred, DCMpres, and control groups, respectively. Intragroup p-val-
ues are reported with significant differences indicated by * (p < 0.05), 

** (p < 0.01), or *** (p < 0.001), as well as with the colour coding. 
90% confidence intervals are given in brackets.

Variable DCMred

(n = 8)

DCMpres

(n = 5)

Controls

(n = 16)

p-value,

DCMred vs. 

Controls

p-value,

DCMpres

vs. 

Controls

p-value,

DCMred vs. 

DCMpres

4D flow MRI 

Maximum 

relative 

pressure 

[mmHg/m]

61.6 ± 10.0 

[55.8 –67.4]

79.4 ± 13.8 

[69.1 – 90.1]

78.9 ± 18.0 

[71.5 – 86.3]

0.022* 0.650 0.019*

Minimum 

relative 

pressure 

[mmHg/m]

-41.3 ± 5.6 

[-45.2 – -37.3]

-58.3 ± 25.9 

[-80.7 – -35.7]

-39.4 ± 12.3

[-45.4 – -33.4]

0.232 0.063 0.171

Time-to-peak 

relative 

pressure [ms]

109 ± 22 

[94 – 124]

108 ± 38 

[74 – 142]

55 ± 22 

[44 – 66]

0.0002*** 0.011* 0.908

Pulse wave 

velocity [m/s]

11.0 ± 4.6 

[7.8 – 14.2]

7.5 ± 2.5 

[5.4 – 9.7]

7.5 ± 2.6 

[6.3 – 8.8]

0.034* 0.967 0.127

Aortic stiffness 

[kPa]

14.5 ± 12.0 

[6.2 – 22.8]

5.5 ± 3.6 

[2.3 – 8.6]

6.3 ± 5.1 

[3.8 – 8.8]

0.035* 0.836 0.127
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A markedly prolonged TTP was seen in both DCMred 
and DCMpres groups compared to reference controls. Strong 
statistical differences in group means were seen between 
the control group and both DCM groups (p ≤ 0.01), with 
the DCM patients requiring twice as much time to reach 
maximum relative pressure (109 ± 22 and 108 ± 38 ms vs. 
55 ± 22 ms). Again, inferences included complete separation 
of 90% confidence intervals.

The DCMred group showed a higher aortic PWV com-
pared to the reference control group, with an increase of 47% 
(11.0 ± 4.6 m/s vs. 7.5 ± 2.5 m/s, p = 0.034). Increased PWV 
was not noted in the DCMpres. Similar results were observed 
for derived aortic stiffness, where the DCMred group had 
a significantly higher aortic stiffness compared to refer-
ence controls, with an increase of 130% (14.5 ± 12.0 kPa 
vs 6.3 ± 5.1 kPa, p = 0.035). The separation was not strong 

enough to completely separate the 90% confidence intervals 
of respective groups.

Correlation of Aortic Relative Pressure with Clinical, 
Structural, and Central Blood Pressure Metrics

Complete correlation results are provided in Supple-
mentary Table 2. In short, for the DCMred and DCMpres 
groups, no correlations could be inferred between 
any clinical parameter and the derived aortic metrics, 
including central blood pressures. For the control group, 
similar behaviour was observed, with only BSA and 
BMI correlated to minimum relative pressure and aor-
tic stiffness, respectively. Noteworthy, the absence of 
correlation spanned both left and right heart metrics, 

Fig. 3   Key results from aortic relative pressure analysis. a Maximum relative pressure, b TTP, c PWV, and d aortic stiffness for DCMred, 
DCMpres, and the control groups, respectively. p-values are reported throughout with significance indicated by * (p < 0.05) or ** (p < 0.01)
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highlighting the independent role of our derived aortic 
variables.

Influence of Isolated Cardiovascular Properties 
on Aortic Relative Pressure

The individual influence of cardiovascular properties on 
aortic relative pressure was analysed using the virtual 
cohort. Aortic relative pressure for each virtual subgroup, 
together with corresponding clinical traces, is shown in 
Fig. 4.

For the virtual cohort, aortic maximum relative 
pressure varied between 17.2–44.3, 22.1–68.0, and 
32.6–64.3  mmHg/m for the DCMred, DCMpres, and 
control groups, respectively. For reference, the clini-
cal cohort varied between 42.4–72.8, 62.2–102.7, and 
57.3–121.4  mmHg/m within the same three groups, 
respectively. Individual variations as a function of isolated 
variables are given in Supplementary Table 3.

Aortic stiffness and aortic volumetric size (the total 
volume of the segmented aorta) were the two dominant 
properties influencing aortic relative pressure in the vir-
tual cohort. Specifically, variations in aortic stiffness alone 
recovered 28% of the total variations observed in maxi-
mum relative pressure in the DCMred subgroup, 23% in the 
DCMpres group, and 56% in the control group. Similarly, 
variations in aortic volumetric size alone recovered 89, 
92, and 100% of the total observed variations in maximum 
relative pressure in the same three groups, respectively. 
In contrast, SV recovered 76, 34, and 50% of the total 
observed variations, whilst cardiac period and peripheral 
resistance had a comparatively smaller influence (both 
influencing relative pressures < 2 mmHg/m across all sets).

For minimum relative pressure, similar behaviour could 
be observed where aortic stiffness and aortic volumetric size 
were the two major contributors to the observed variations, 
with aortic stiffness equalling 40, 64, and 5% of the total 
variations and with aortic volumetric size equalling 98, 53, 
and 78%, again reported for the DCMred, DCMpres, and con-
trol groups, respectively. Individual variations as a function 
of isolated variables are given in Supplementary Table 4.

Discussion

In this study, we have used 4D flow MRI to explore aortic 
hemodynamic changes in patients with idiopathic DCM. 
We identified differences in aortic function in DCM 
patients with reduced LV systolic function as compared 
to those with preserved systolic function or healthy vol-
unteers, with decreasing maximum aortic relative pres-
sure and increased aortic stiffness indicated by the flow-
based analysis. Possible signs of ventricular conduction 
delay were also provided by the aortic analysis, with pro-
longed TTP evident in DCM patients, regardless of LV 
function. Complementing these clinical observations, our 
computational virtual cohort showed how aortic hemody-
namic metrics are governed in part by arterial properties 
(aortic size and stiffness), suggesting—in conjunction 
with our clinical findings—the potential role of vascular 
adaptation in the pathological manifestation of a cardiac 
disease (i.e. DCM). Given previous observations linking 
cardiac disease and treatment effect to arterial behaviour 
[36, 51], and the fact that recent consensus documents 
highlight the role of ventricular-vascular interactions in 
heart failure [23], our exploratory study exemplifies how 
analysis of vascular function using CMR could comple-
ment the clinical assessment of DCM patients and how 
such a combined assessments of cardiac and arterial 
function may yield new insights and novel hypotheses.

Changes in Aortic Relative Pressure—Relation 
to Cardiac and Aortic Physiology

The DCMred group showed a significantly reduced maximum 
aortic relative pressure, being on average 22% lower than the 
control group. Conversely, the DCMpres group did not differ 
significantly from the control, maintaining maximum aortic 
relative pressure. Whilst the DCMred and DCMpres groups 
are defined on the basis of ventricular function, the observed 
differences in aortic relative pressure suggests how changes 
in cardiac and vascular function are interlinked in patients 
with DCM. In previous studies, DCM has been associated 
with a reduction in peak aortic outflow acceleration [24], and 
deteriorating cardiovascular status has been correlated to a 
decrease in LVOT outflow gradients [3], similarly highlight-
ing a link between ventricular dilation and affected vascu-
lar hemodynamics. Given that aortic relative pressure has 
been correlated to LV remodelling [7], our findings sug-
gest that vascular alterations are present in idiopathic DCM. 
Additionally, the observed differences between DCMred and 
DCMpres suggest a possible role of vascular assessment in 
providing a more nuanced assessment of disease status and 
disease progression.

Fig. 4   Aortic relative pressure traces from clinical and virtual analy-
sis. Aortic relative pressure traces from the clinical (top row) and 
virtual cohort (remaining rows), presented as a function of isolated 
variations of arterial resistance, stroke volume, cardiac period, aor-
tic volumetric size, and aortic stiffness, respectively. Relative pressure 
is shown for DCMred (left), DCMpres (middle), and controls (right). 
For the clinical data, each individual subject is given in black. For the 
virtual data, isolated variations around baseline (black) are given as 
positive variations (red) and negative variations (blue), respectively, 
superimposed on the data range (grey)

◂
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In contrast, no significant differences could be inferred 
for minimum aortic relative pressure, where both DCMred 
and DCMpres groups showed similar values to the con-
trol group. Minimum aortic relative pressure—an entity 
related to the deceleration of blood during late systole—
has been less studied in conjunction with cardiac disease 
but has for aortopathies (e.g. bicuspid aortic valve or aor-
tic dissection) been related to a composite of cardiac and 
aortic physiology [28]. Whether this holds true for the 
link between aortic relative pressure and idiopathic DCM 
requires further evaluation.

In comparison to the above outlined links between maxi-
mum relative pressure and aortic function, TTP is an entity 
directly coupled to cardiac contractility: the shorter the TTP, 
the faster the ventricular contraction. In our study, a signifi-
cant delay in TTP was observed in both DCM groups rela-
tive to controls, with an almost doubling of the time required 
to reach maximum relative pressure. Ventricular conduction 
delay is commonly reported for DCM [26], and although 
conduction abnormalities were not directly assessed in 
our study, prolonged QRS duration has been correlated to 
a reduction in maximum intraventricular relative pressure 
[50], in agreement with our findings with aorta-derived 
TTP. Noteworthy is the fact that both DCM groups exhibited 
prolonged TTP, regardless of LV functional status. That is, 
even though LV systolic function was decreased in some and 
preserved in others, the consistently prolonged TTP indi-
cates underlying electrophysiological abnormalities in both 
groups. In DCM, ventricular conduction delay has shown 
to be one of the most powerful predictors of prognosis [46], 
and with idiopathic DCM connected to long-term develop-
ment of heart failure [18], latent contractile abnormalities—
as suggested by the prolonged TTP in our cohort—could 
have detrimental long-term ramifications even in groups 
where an apparent improvement in cardiac ejection fraction 
is observed.

A significant increase in PWV and aortic stiffness esti-
mates were obtained in the DCMred group, with aortic stiff-
ness being almost 2.3 times higher as compared to the refer-
ence control group (although without complete separation 
of 90% confidence intervals). On the contrary, the DCMpres 
group did not show the same stiffness increase. Arterial stiff-
ening in DCM patients has been described previously [5], 
and reduced maximum relative pressure was also recently 
reported in an elderly cohort [7]. Worth noting is also that 
guideline recommended treatment for heart failure includes 
administration of vasodilators, diuretics, and beta block-
ers: medications all shown to decrease PWV and vascular 
stiffness [31, 39]. The fact that our data indicates opposite 
behaviour highlights the potential presence of other mecha-
nisms overruling the intended therapeutic outcome.

Lastly, the DCMred group showed significantly increased 
systolic blood pressure compared to the control group. This 

increase in afterload is however not coupled to any signifi-
cant differences in SV, suggesting that increased ejection 
force is required to maintain systemic circulation in the 
DCMred group. Furthermore, the simultaneous increase in 
mean blood pressure indicates elevated systemic resistance 
in the DCMred group; however, this is slightly opposed by 
unaltered diastolic blood pressure and maintained cardiac 
output. In general, the development of hypertension is com-
mon in DCM [13] and originates in part from increased 
neurohormonal activation [9]. It highlights a persistent det-
rimental feedback loop, in which long-term cardiac conges-
tion leads to increased afterload due to sympathetic acti-
vation. The chronic overload of the ventricle thus in turn 
leads to worsening contractile properties [9]. This form of 
ventricular-vascular coupling in the presence of hyperten-
sion has also been highlighted in summarized review work 
[43], detailing how a range of hypertension-related arterial 
changes propagate into cardiac behaviour and long-term 
function. Pinpointing specific mechanisms of relevance in 
relation to our observed results, hypertension-related aor-
tic stiffening renders an early aortic pressure pulse return. 
Importantly, this not only elevates systolic afterload and 
increases required LV ejection force, but also decreases 
diastolic coronary perfusion and coupled myocardial fibre 
relaxation, together exemplifying how modified aortic hemo-
dynamics can have a profound impact on cardiac behaviour 
throughout the cardiac cycle (more on the clinical implica-
tions of our findings in subsequent subsections).

Correlation to Aortic Relative Pressure—
Independent Role of Aortic Hemodynamics

The correlation analysis revealed a general lack of defined 
relationships between aortic hemodynamics and stand-
ard volumetric and functional metrics for the entire DCM 
cohort, including both left and right heart metrics. Even 
though this might be an artefact from the limited sample 
size, these results should still be contrasted to the clear dif-
ferences in aortic metrics between DCMred and DCMpres 
groups. Further investigation is required to establish the 
case of these differences; however, the differences in aor-
tic relative pressure between DCM subgroups—even in 
a limited cohort—highlights how aortic assessment may 
complement standard cardiac metrics in DCM patients. 
Others have indicated the independent association between 
aortic relative pressure and LV remodelling [7], specifically 
highlighting relative pressure as a potential complementary 
and independent biomarker in refined cardiac diagnosis. 
Lastly, although no indications of correlation were observed 
between right heart metrics and aortic hemodynamics, the 
scarcity of such an assessment in the literature could warrant 
further evaluation in this specific direction.
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The Role of Cardiac and Aortic Function on Relative 
Pressure—Isolated Virtual Cohort Study

Out of the evaluated metrics in the virtual cohort analysis, 
aortic stiffness and mean cross-sectional volume were the 
main determinants of aortic relative pressure. However, 
whilst positive changes in stiffness increase relative pres-
sure magnitudes, positive changes in volume decrease them. 
Such opposing effects could explain the maintained mini-
mum relative pressure in the DCM group however would not 
fully clarify the corresponding net decrease in maximum rel-
ative pressure. This reduction in maximum relative pressure 
could instead be attributed to cardiac changes such as modi-
fied contractility [22], lack of contractile coordination [26], 
or vasodilating medication both increasing aortic dimensions 
and attempting to reduce effective vascular stiffness [31, 39]; 
however, clarification of such requires further analysis in 
extended cohorts or using alternative computational assess-
ments using, e.g. higher-order 3D modelling. Regardless, 
our combination of clinical and virtual cohorts supports 
the hypothesis that—in the presence of idiopathic DCM—
abnormalities of cardiac and vascular properties co-exist.

Aortic Change in DCM—Clinical Implications 
of Image‑Based Findings

In our exploratory study, a number of aortic hemodynamic 
differences have been indicated for idiopathic DCM, with 
specific differences highlighted between DCMred and 
DCMpres. Importantly, with the two DCM groups undergo-
ing similar guideline-based medical therapy, the separation 
could represent an initial indicator to how cardiac treatment 
efficacy may be, at least in part, coupled to vascular function.

Antihypertensive medications have been shown to 
reduce arterial stiffness [15], being part of a general strat-
egy to hinder continuous ventricular dilation through car-
diac unloading. However, in the presence of pathological 
vascular changes—such as elevated arterial stiffness in the 
DCMred group—an ineffective treatment response can be 
hypothesized: the composite scenario of increased blood 
pressure and aortic stiffness could increase the amount of 
myocardial work required to maintain systemic perfusion. 
Furthermore, with increasing degrees of aortic dilation lead-
ing to decreased relative pressure, systemic perfusion may 
be negatively effected. If, at this stage, additional pharma-
cological interventions cause decreased aortic stiffness or 
blood pressure, further unfavourable reductions in relative 
pressure could follow. Along the same lines, alternative but 
complementary mechanisms could also be present: whilst 
healthy arteries see the aortic pressure pulse reflected during 
late diastole, in diseased stiff arteries, the reflected pressure 
wave arrives already during systole [43]. If so, an increase 
in systolic blood pressure and LV afterload will be observed, 

decreasing both aortic relative pressures and prolonging 
effective ejection time—again, in line with our findings. The 
latter will also result in detrimental LV remodelling includ-
ing increased oxygen demand following changes in after-
load, decreased coronary perfusion resulting from an early 
aortic pressure return, and increased LV diastolic filling 
pressures arising from the prolonged ejection time. Whilst 
the causal relationships between these factors remains to 
be determined in dedicated studies with expanded cohorts, 
the above reasoning exemplifies how poor vascular function 
could in fact influence the ability to achieve optimal cardiac 
unloading and how such arterial behaviour is important to 
consider in the therapeutic management of cardiac patients. 
Whilst using arterial function as a measure of treatment effi-
cacy is not a novel concept [12], our study highlights that 
unloading the heart requires a unified look at cardiac, aortic, 
and systemic vascular function.

Clinical Outlook—Non‑invasive Imaging 
for the Assessment of Ventricular‑Vascular Function

Blood flow assessment by advanced MRI permits detailed 
hemodynamic analysis. As shown in our exploratory study, 
aortic hemodynamics appear altered in cardiac disease, and 
aortic relative pressure may in fact provide insights into the 
summation of cardiac and vascular function, complement-
ing what can be inferred by conventional cardiac assessment 
alone. With physics-based image processing allowing for the 
pressure metrics to be derived directly from non-invasively 
acquired data [32–35], such metrics could serve as impor-
tant biomarkers, especially in diseases where hemodynamic 
assessment has traditionally relied on invasive catheteriza-
tion. Several examples exist of where volumetric flow imag-
ing has been suggested to improve the assessment of car-
diovascular disease: quantifying 4D intraventricular flow 
in relation to heart failure severity [45] or assessing aortic 
hemodynamics in conjunction to ventricular remodelling 
[7]. Our study brings another potential clinical application 
of advanced flow imaging in assessing arterial alterations 
in idiopathic DCM. Longitudinal studies are required to 
uncover the initiation and ordering of physiologic responses; 
however, imaging has the potential to play a key role in stud-
ying such behaviour in a non-invasive setting. With acceler-
ated sequence protocols promising more rapid acquisition 
times [4, 25], and considering our virtual cohort indicating 
aortic hemodynamic as invariant to cardiac period, our study 
also highlights the feasibility of using 4D flow MRI in a 
direct clinical setting.

Limitations

A fairly small sample size was used, and the gener-
alization of these findings to a global DCM population 
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requires further investigation. Likewise, being a retrospec-
tive study, we were not able to control for differences in 
unmeasured patient characteristics and treatments between 
groups, although patients all followed guideline-directed 
therapy. In particular, this effect is enhanced by the 
post-hoc splitting of the patient cohort into DCMred and 
DCMpres, effectively reducing subgroup sample sizes from 
which to derive statistical inferences. To provide estimates 
of reliability, confidence intervals are reported, highlight-
ing how separation with respect to aortic relative pressures 
and TTP seem corroborated even in our comparably small 
cohort (with separation strong enough to avoid overlapping 
confidence intervals), whereas separation with respect to 
PWV and aortic stiffness bears less statistical confidence 
(with confidence intervals overlapping between evaluated 
groups). Although to be used with caution [30, 47, 52], 
post-hoc power analysis also indicates similar predictive 
abilities, where the power in differentiating DCMred vs. 
controls with respect to relative pressures or TTP is con-
sistently above 1-β = 0.85 (at α = 0.05), whilst estimates of 
PWV and aortic stiffness comes with 1-β around 0.50 (at 
α = 0.05). Keeping the above in mind, we therefore view 
our results not as definite evidence of specific mechanisms 
but rather as an indicative example of how advanced flow 
imaging together with biophysical modelling can provide 
hypothesis-generating insights into pathophysiological 
developments.

For the virtual cohort, the analysis was limited to a selec-
tion of key cardiovascular properties, chosen based on their 
conventional use in cardiovascular practice. The virtual 
cohort showed slightly lower relative pressure compared 
to the retrieved clinical data in all three subgroups. As is 
common in 1D cardiovascular simulations, systemic base-
line characteristics (peripheral resistance, systemic varia-
tions in PWV, segment diameters, etc.) were retrieved from 
published literature values on healthy subjects, with only 
conventionally assessable metrics (SV, heart rate) tailored to 
reflect certain pathologies. Consequently, these underlying 
baseline characteristics might not be entirely reflective of the 
assessed clinical cohort and might cause the observed bias. 
However, with virtual and clinical cohorts showing similar 
trends with respect to aortic relative pressure (decreasing 
relative pressure with increasing LV impairment), there are 
reasons to believe that the isolated influence of evaluated 
cardiovascular parameters on the virtual cohort is reflective 
of similar behaviour on the clinical side.

Minor technical limitations might also exist in the 
acquired data, with the lack of arrhythmia correction pos-
sibly causing unwanted variations in the presence of ectopic 
heart beats or irregular cardiac rhythms. However, with data 
acquired over several cardiac cycles, and with the virtual 
cohort analysis revealing how aortic metrics are comparably 
stable under varying heart rates, the impact of such potential 

variations should be considered minor and not to have overly 
affected our derived results.

Conclusion

In this study, a combination of non-invasive MRI blood flow 
imaging and computational modelling were used to study 
aortic relative pressure in DCM. Significant differences in 
aortic hemodynamics were observed between DCM patients 
and healthy volunteers, as well as within DCM subgroups, 
with key observations including decreased maximum 
relative pressure coupled to impaired ventricular ejection 
(DCMred group), prolonged TTP suggesting the presence 
of conduction delay (both DCM groups regardless of LV 
status), and increased aortic stiffness and systolic blood pres-
sure suggesting concurrent arterial remodelling (DCMred 
group). Whilst the causal relationships needs to be further 
investigated in larger longitudinal cohorts and experimen-
tal studies, given that the aortic properties were different 
between patients with preserved vs. reduced LV systolic 
function, we believe that vascular adaptation—as assessed 
by 4D flow-derived aortic stiffness and relative pressure—
could complement the existing techniques for assessing 
disease severity and treatment effects in DCM. Lastly, this 
study highlights the advantages of combined 4D flow and 
biophysical image processing in the non-invasive assessment 
of ventricular-vascular abnormalities in vivo.
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