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Abstract

Background: Noninvasive left ventricular (LV) pressure-volume (PV) loops
derived by cardiac magnetic resonance (CMR) have recently been shown to
enable characterization of cardiac hemodynamics. Thus, such PV loops could
potentially provide additional diagnostic information such as contractility,
arterial elastance (E,) and stroke work (SW) currently not available in clinical
routine. This study sought to investigate to what extent PV-loop variables
derived with a novel noninvasive method can provide incremental physiological
information over cardiac dimensions and blood pressure in patients with acute
myocardial infarction (Ml).

Methods: A total of 100 patients with acute Ml and 75 controls were included in the
study. All patients underwent CMR 2-6 days after MI including assessment of
myocardium at risk (MaR) and infarct size (IS). Noninvasive PV loops were generated
from CMR derived LV volumes and brachial blood pressure measurements. The
following variables were quantified: Maximal elastance (E.x) reflecting contractility,
E., ventriculoarterial coupling (E./Emax), SW, potential energy, external power,
energy per ejected volume, and efficiency.

Results: All PV-loop variables were significantly different in Ml patients compared to
healthy volunteers, including contractility (E,.x: 1.34 + 0.48 versus 1.50 £ 0.41 mmHg/mL,
p =.024), ventriculoarterial coupling (E./Ernax 1.27 £0.61 versus 0.73 £0.17, p < .001) and
SW (0.96 £0.32 versus 1.38 £0.32 J, p <.001). These variables correlated to both MaR
and IS (Emax:  =0.25 and r*=0.29; E./Epa P =0.36 and r*=0.41; SW: r*=0.21 and
r*=0.25).

Abbreviations: CMR, cardiovascular magnetic resonance; E,, arterial elastance; E, .., maximal elastance; MaR, myocardium at risk; MI, myocardial infarction; PE, potential energy; PV, pressure-

volume; SW, stroke work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2024 The Authors. Clinical Cardiology published by Wiley Periodicals, LLC.

Clin Cardiol. 2024;47:€24216.
https://doi.org/10.1002/clc.24216

wileyonlinelibrary.com/journal/clc 1of9


http://orcid.org/0000-0002-6567-8459
mailto:hakan.arheden@med.lu.se
https://wileyonlinelibrary.com/journal/clc
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fclc.24216&domain=pdf&date_stamp=2024-01-16

NORDLUND ET AL.

20of9
=L wiLey-

KEYWORDS

1 | INTRODUCTION

Ischemic heart disease is the most common cause of heart
failure, currently considered one of the major healthcare
challenges of our time.! Despite the existence of effective
treatments for heart failure, its prognosis remains poor and
recent guidelines suggest a need for better measurements to
target therapies and individualize treatments.? Since the patho-
logical basis of heart failure is complex, diagnostic methods need
to enable assessment of myocardial characteristics beyond
currently established diagnostic variables such as cardiac dimen-
sions and ejection fraction. Heart failure can exist with both
normal and abnormal cardiac dimensions and ejection fraction
due to alterations in properties such as myocardial stiffness and
contractility affecting the efficiency of cardiac work.2 These
aspects of cardiac pathophysiology can be assessed from
pressure-volume (PV) loops yielding variables such as contractil-
ity, arterial elastance (E,), ventriculoarterial coupling, SW, poten-
tial energy (PE), external power, energy per ejected volume, and
efficiency.

The use of PV loops, first described by Otto Frank in the late
eighteen-hundreds,® has until now been predominantly as a
research tool to selected patient populations because of the need
for invasive procedures for their acquisition. Recently, a novel
noninvasive method for calculating PV loops of the left ventricle
(LV) was described and validated.* This method can be used to
assess cardiac mechanics and energetics by combining pressures
derived from brachial sphygmomanometry with cardiac volumes
from cardiac magnetic resonance (CMR) images.>® Thus, PV loops
can now be acquired in clinical routine in all patients undergoing
CMR which allows assessment of hemodynamics in much larger
patient populations.*® Recent experimental data, using the new
noninvasive method, explores the use of PV loops to elucidate
pathophysiology after Ml but to what extent PV-loop variables
derived from this method can provide incremental value over
cardiac dimensions and blood pressure in patients with acute Ml is
unclear.”

The aim of this study was to investigate whether cardiac
hemodynamics early after acute Ml using data from noninvasive PV
loops provides incremental diagnostic information over standard
measurements, and to investigate to what extent this differs from

normal hemodynamics.

Conclusions: Noninvasive PV-loops provide physiological information beyond
conventional diagnostic variables, such as ejection fraction, early after Ml, including

measures of contractility, ventriculoarterial coupling, and SW.

contractility, coupling, efficiency, elastance, myocardium at risk, stroke work

2 | METHOD
2.1 | Study population

A total of 100 patients with acute myocardial infarction (MI) were
included and underwent CMR at Lund University Hospital at 4 + 2 days
after acute percutaneous coronary intervention due to ST-elevation Ml
(STEMI). The patients were included as part of three clinical trials: the
SOCCER (n =83), MITOCARE (n=6), and CHILL-MI (n=11) trials.®"*°
Inclusion and exclusion criteria are described in the Supporting
Information: Table 1. In short, patients had symptom duration <6 h, no
previous Ml and no contraindications to CMR scanning. Patients with
specified conditions such as congestive heart failure, hepatic failure,
cardiac arrest were excluded. In addition, 75 age- and sex-matched
healthy volunteers from a local research database were retrospectively
included in the study. The controls had no history of cardiovascular
disease, were not regularly taking any medication and were non-
smokers. Data on individual medications was not available in the acute
setting. In the period of the clinical trials, however, >90% of these
patients received a beta-blocker, an ACEi or ARB, a statin, and dual
antiplatelet therapy. The CHILL-MI, MITOCARE and SOCCER trials were
approved by the local/regional institutional review boards/ethics
committees. The study of healthy volunteers was approved by the
regional ethical review board in Lund, Sweden. All study participants
provided written consent. The study conforms to the principles outlined
in the Declaration of Helsinki.

2.2 | CMR image acquisition

All CMR examinations were performed on a 1.5T system (Philips
Healthcare, Best, The Netherlands). All subjects were placed in supine
position and images were acquired at end-expiratory breath hold
with ECG gating. Scout images were acquired to locate the heart. For
time-resolved cine imaging of myocardial function, a multi-slice
multiphase steady state free precession (SSFP) sequence was
applied approximately 5 min after intravenous administration of a
gadolinium-based extracellular contrast agent (0.2 mmol/kg). The
contrast enhanced SSFP (CE-SSFP) images (temporal resolution:
30 frames/cardiac cycle) were acquired in the short-axis view (slice
thickness: 8 mm; in-plane resolution: typically 1.5 x 1.5 mm) covering

the LV from base to apex and in 2-, 3-, and 4-chamber views.
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End-diastolic short- and long-axis late gadolinium enhancement
(LGE) images in image planes corresponding to those for contrast
enhanced SSFP were acquired at expiratory breath hold approxi-
mately 15 min after injection of contrast administration. The LGE-
images were acquired using an inversion-recovery gradient-recalled
echo sequence (slice thickness: 8 mm, no slice gap; In-plane
resolution: typically 1.5 x 1.5 mm; inversion time adjusted to null

viable myocardium).?

2.3 | CMR image analysis

All CMR images were analyzed using the software Segment, version
3.3 (http://segment.heiberg.se).?

2.3.1 | PV loops

Volumetric data for the PV loops were acquired by evaluation of the
time-resolved cine images according to a previously described
method.* In short, the LV lumen was manually delineated in end-
diastole, end-systole, and in one timeframe in diastasis. An automatic
spline interpolation method was then used to fill out the remaining
timeframes and achieve the LV volume variation over time through-
out the cardiac cycle. This semi-automatic method for volumetric
analysis has recently been validated in healthy controls and heart
failure patients.’® To ensure that the method is applicable also in MI
patients with regional myocardial dysfunction, a subset of patients
(n=30) was evaluated using the same method but with manual
corrections for akinesia/dyskinesia for comparison with the semi-
automatic method.

The method for generating PV loops has previously been
described.* It is based upon assumptions of a constant shape of
time-varying elastance and uses input of noninvasive blood pressure
data and volumes from CMR imaging to calculate pressure through-
out the cardiac cycle. The end diastolic pressure was set to 5 mmHg
for the entire study population as per the original publication.* The
range is thought to represent the majority of the study population of
which no one suffered severe heart failure, considering that most
patients with heart failure maintain a LV end-diastolic pressure of
5-20mmHg, and considering that differences in LV diastolic
pressures, within reasonable ranges, have little effect on the
calculated PV-loop parameters.2**> Brachial sphygmomanometry
data was gathered from the CHILL-MI study result sheets, from the
healthy control data sheets, and from clinical patient charts (SOCCER
and MITOCARE) in accordance with informed consent. All blood
pressures were taken at rest and on the same day as the CMR
examination.

Pressure volume loop variables were defined based on the
generated PV loop. Maximal elastance (E,ax, used synonymously with
contractility) was defined as the linear slope between the point where
the pressure/volume quotient was highest (P..x) and origo. E, was
defined as the linear slope between P..« and the point where
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FIGURE 1 Pressure volume (PV) loop in a healthy volunteer. The
diagram shows a loop (blue line) in a healthy volunteer. The variables
Emax Ea PE, and SW have been marked in relation to the PV loop. E,,
arterial elastance; Ena.y, maximal elastance; LV, left ventricular; PE,
potential energy; SW, stroke work.

volume=end-diastolic volume, and pressure =0. Stroke work (SW)
was defined as the area within the PV loop and PE as the area
encapsulated by the E,.x line, the x-axis where pressure =0, and the
left side of the PV loop (Figure 1). External power was calculated as
the SW normalized to duration of a heartbeat, and energy per volume
was calculated as (SW + PE)/stroke volume. Efficiency was calculated
as SW/(SW + PE). In addition, the PV-loop variables were approxi-
mated from more conventional functional variables based on end-
diastolic volume, end-systolic volume, heart rate, and mean arterial
pressure (specified in Supporting Information: Figure 1 in the Results
section).

2.3.2 | Myocardium at risk (MaR) and infarct size (IS)
Regions of MaR were defined by manual delineation of hyperintense
regions within the myocardium on the CE-SSFP short-axis images in
end-diastole and end-systole. Size of MaR was expressed as a
percentage of the total LV myocardial volume.*®

IS was assessed from short-axis LGE images according to a
previously described and validated method.'” In short, the endocar-
dial and epicardial borders were traced manually excluding the
papillary muscles. The LGE myocardium was then quantified by a
computer algorithm taking partial volume effects into consideration
with manual adjustments when needed to correct for image

artifacts.'”

2.4 | Statistics

Values are given as mean +standard deviation unless otherwise
specified. The relationships between PV-loop variables and MaR/IS
as well as the relationship between PV-loop variables and conven-
tional functional variables were assessed using Pearson's correlation
coefficient. The agreements between semi-automatic and manually

derived PV-loop variables were assessed by Bland-Altman diagrams
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TABLE 1 Study population characteristics.

Myocardial Healthy

Variables infarction volunteers p Value
EF, % 48.6+10.0 61.0+5.9 <.001
SV, mL 79.8+18.5 105.9 +20.8 <.001
EDV, mL 166.5+34.0 174.3+£32.9 131
ESV, mL 86.8+28.1 68.4+18.4 <.001
SBP, mmHg 124 +18 125+£13 .680
DBP, mmHg 72+10 75+10 116
SVR, mmHgxmin/L 17.2+5.1 144+ 3.2 <.001
MaR, %LV 32.8+11.2 n/a n/a
Ml size, %LV 17.2+10.6 n/a n/a
LAD culprit, % 51 n/a n/a
RCA culprit, % 39 n/a n/a
LCx culprit, % 9 n/a n/a
Age, years 62.8+15.6 53.8+12.5 <.001
Sex, % Female 27.7 40.0 .105
Weight, kg 79.1+13.8 76.8+14.2 748
Height, cm 173.5+9.0 1747 £9.2 811
Pre-existing

morbidity/

medication
BMI > 30, % 15 9 .660
Hypertension, % 32 n/a n/a
Diabetes, % 16 n/a n/a
Smoker/ex- 61 n/a n/a

smoker, %
ACEi/ARB 21° n/a n/a
Betablocker 117 n/a n/a

Note: For all characteristics n = 100 patients with myocardial infarction
and n =75 healthy volunteers. Chi-square testing was used to calculate
p values. Values stated as mean £ SD.

Abbreviations: ACEi, angiotensin converting enzyme inhibitor; ARB,
angiotensin receptor blocker; BMI, body mass index; DBP,diastolic blood
pressure, EDV, end-diastolic volume; EF, ejection fraction; ESV, end-
systolic volume; LAD, left anterior descending artery; LCx, left coronary
circumflex artery; MaR, myocardium at risk; MI, myocardial infarction;
RCA, right coronary artery; SV, stroke volume (EDV-ESV); SVR, systemic
vascular resistance; SBP, systolic blood pressure.

?Pre-existing treatment with ACEi or betablockers was not reported in the
CHILL-MI trial and thus data was missing in 11 patients.

with bias and limits of agreement. The difference in subject
characteristics and PV loop variables between infarct patients and
healthy volunteers was assessed using Chi-square testing. A p <.05
was considered to indicate statistical significance. GraphPad version

9.5.0 was used for all statistical analyses.
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FIGURE 2 Example PV loops and corresponding CMR images.
The diagram shows examples of PV loops from 5 healthy
volunteers (blue) and 5 patients after Ml (red). The panels below
show corresponding MR images for the opaquely colored loops.
CINE images are shown in ED and ES (left) and infarct is visualized
in the LGE image (right). Green lines indicate epicardium, red lines
endocardium, and yellow lines the borders of the infarct zone. The
red delineation in the LV myocardium indicates microvascular
obstruction. ED, end-diastole; ES, end-systole; LGE, late
gadolinium enhancement; LV, left ventricle; MI, myocardial
infarction.

3 | RESULTS

A total of 100 patients and 75 healthy volunteers were included in
the study. Subject characteristics and conventional functional
variables are shown in Table 1. PV loop variables values and
comparisons between patients and healthy volunteers are shown in

Supporting Information: Table 2.
3.1 | PV-loop variables versus MaR and IS
Figure 2 shows examples of PV loops and CMR images from subjects

included in the study. The relationships between PV-loop variables

versus MaR and versus IS are shown in Figures 3 and 4 respectively
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FIGURE 3 PV loop variables versus myocardium at risk in STEMI patients (n = 100 for all graphs). The full line shows linear regression.
Pearson's correlation coefficient was used to assess the relationship between the variables and MaR. E,, arterial elastance; E,.x, maximal
elastance; LV, left ventricle; MaR, myocardium at risk; STEMI, ST-elevation myocardial infarction; SW, stroke work.

for all STEMI patients. E., reflecting contractility, was related to
both MaR and IS (?=0.25, p<.001 and r?>=0.29, p<.001).
Subanalyses of contractility versus MaR and IS for the three separate
study populations are shown in Supporting Information: Figure 2.
Furthermore, SW, PE, and efficiency were significantly correlated to
MaR and IS, whereas E,, external power, and energy per volume were
not (Figure 3).

3.2 | PV-loop variables versus conventional
functional variables

Supporting Information: Figure 1 shows the relationship between
PV-loop variables and variables derived from conventional functional
measures (end-diastolic volume, end-systolic volume, heart rate, and
mean arterial pressure). There was a strong correlation with low or no
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FIGURE 4 PV loop variables versus infarct size in STEMI patients (n = 100 for all graphs). The full line shows linear regression. Pearson's
correlation coefficient was used to assess the relationship between the variables and infarct size. E,, arterial elastance, E.x, maximal elastance,
LV, left ventricle, STEMI, ST-elevation myocardial infarction; SW, stroke work.

bias for all variables. Supporting Information: Figure 3 shows the

relationship between ventriculoarterial coupling and ejection fraction.
3.3 | Semi-automatic versus manual PV-loop
variables

The agreements between semi-automatic spline interpolated PV-loop

variables and manually derived PV-loop variables are shown in the

Supporting Information: Appendix. There was an excellent agreement

with low bias and narrow limits of agreement for all variables.

4 | DISCUSSION

This study is, to the best of our knowledge, the first to apply
noninvasive CMR-based PV-loop variables in patients early after
acute MI. The study concludes that PV-loop variables such as

85U8017 SUOWILIOD BATE8.D 3|qedt[dde au Aq peusenob ae seolle YO @SN JO S9N 10} ARiq i 8UIjUO /8|1 UO (SUONIPUOD-PUB-SWIBH W00 A8 |IMAtelq 1 Ul UO//SANy) SUORIPUOD pue SWe 1 8y} 89S *[7202Z/T0/9T] uo Akiqiauluo A8|im ‘Bulupeseg sustels Aq 9Tzyz 00/200T 0T/I0p/W0d A8 |im Areiqipul|uo//sdny woly pepeojumod ‘T ‘vZ0Z ‘LEL8ZE6T



NORDLUND ET AL.

Emax (reflecting contractility), E./Emax (reflecting ventriculoarterial
coupling), and SW can be used to assess cardiac hemodynamics early
after acute MI and these variables provide incremental pathophysio-

logical information over variables based on pressure or volume alone.

41 | Contractility

Contractility (as assessed by maximal elastance, E,..,) was lower in
infarct patients compared to volunteers but showed considerable
overlap. This overlap is expected considering the wide clinical
spectrum of infarct patients ranging from no symptoms to critical
heart failure related to varying degree of myocardial injury (IS/MaR).
IS and MaR showed similar correlations to E... This was not
previously self-evident as stunning in the entirety of MaR is to be
expected early after an ischemic episode and could have resulted in a
higher correlation between MaR and Epax. '8 In the chronic phase of a
M, however, IS is expected to be more closely related to E, ., but

this remains to be shown.

4.2 | Ea/Emax

The Ea/Emax ratio, referred to as ventriculo-arterial coupling, has
previously been investigated as a marker of balance between
ventricular contractility and afterload, where maximal efficiency has
been calculated at Ea/Emax of 0,5 and maximal SW at Ea/Emax of
1.2% In the current study, MI patients showed less efficiency than
volunteers while being close to maximal SW, when assessed in
absolute numbers. This may reflect the homeostatic drive to maintain
cardiac output and pressure by maintaining SW at the cost of pump
efficiency. Prognostically, Ea/Emax has been shown to have short-
term significance in intensive cardiac care unit patients using a
noninvasive echocardiography-based method described by Chen
et al.2°"22 Additionally, Antonini-Canterin et al. investigated VA-
coupling after MI and found better prognostic value than brain
natriuretic peptide for 5-year mortality, also using the method
described by Chen et al.?%22 Still, Ea/Emax is yet to be proven useful
as a prognostic marker beyond conventional functional variables such

as ejection fraction.

4.3 | SW and efficiency

SW and efficiency were lower in Ml patients compared to healthy
volunteers and showed a negative correlation to both MaR and IS.

1.2% in which

These findings are in line with the study by Hamosh et a
SW was shown to be reduced after acute Ml in patients with severe
symptoms using a method based on myocardial gated scintigraphy.
Furthermore, efficiency and myocardial work as estimated using
echocardiography have been shown to be decreased in STEMI
patients with versus without complications.?>~2” Thus, SW shows

promise as a potential prognostic marker after MI. Indeed, Boe et al.

W1 LEY—

has previously used the relationship between MaR and regional
dysfunction to show that regional SW derived from echo-
cardiography can be used to identify coronary occlusion in patients
with non-STEMI.2® Regional SW was superior to conventional
functional variables such as global and regional myocardial strain as
well as ejection fraction. Furthermore, global SW by echo-
cardiography has been shown to be superior to global longitudinal
strain for identification of patients with significant coronary artery
disease.?? While data on SW and mortality seems to be lacking in Ml
patients, low SW has been associated with higher short-term and
long-term mortality in a mixed population of cardiac intensive care
unit patients.

44 |
imaging

Noninvasive PV-loop derived by cardiac

Both echocardiography and CMR has recently been used to study
cardiac hemodynamics non-invasively.*1320-34 Echocardiography is
widely accessible and the method of choice for assessment of cardiac
function in suspected heart failure according to current guidelines.>”
However, for cardiac volumetric assessment as input for PV loops,
CMR has some advantages. First, it is not limited to acoustic windows
and it enables full 3D coverage of blood pool dimensions throughout
the cardiac cycle without geometrical assumptions. Therefore, CMR
is currently considered the reference standard for assessment of
global and regional myocardial function and is well suited for
noninvasive PV-loop analysis.3¢ Furthermore, in the context of
ischemic heart disease as in the present study, CMR provides
possibilities for assessment of additional myocardial features such as
MaR and IS.

As can be seen in Supporting Information: Figure 1, most PV-
loop-specific variables can be estimated based on conventional
variables such as blood pressure, EDV, ESV, and heart rate.
Supporting Information: Figure 3 shows the direct relationship
between ventriculoarterial coupling and ejection fraction.

4.5 | Study limitations

This study should be interpreted in light of some limitations. Blood
pressures used in this study were acquired on the day of imaging.
While blood pressures ideally should be acquired continuously during
the acquisition of images, previously published data shows good
reproducibility of resting blood pressures with minimal within-subject
variation compared to between-subject variation.®” The method used
to calculate PV-loops is dependent on common characteristics of
time-varying-elastance between different hearts irrespective of
pathology as shown by Senzaki et al where the time-varying
elastance in humans was essentially constant independent of
pathology.® The rationale is described in the original publication of
this method and the model has been verified against invasive
measurements.*1*  Significant aortic stenosis would void the
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assumption that brachial blood pressure can be used to estimate
aortic valve opening pressure. All patients, however, had an
echocardiography and none was reported to have significant aortic
stenosis. Data on individual medications was not available in the
acute setting. In the period of the clinical trials, however, >90% of
these patients received a beta-blocker, an ACEi or ARB, a statin, and
dual antiplatelet therapy. It is therefore reasonable to assume that
most patients in this study received the aforementioned medications

at the time of inclusion in the trial.

5 | CONCLUSIONS

Noninvasive PV-loops provide physiological information beyond
conventional diagnostic variables such as ejection fraction and
cardiac dimensions early after Ml, including measures of contractility,

ventriculoarterial coupling, and SW.
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