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Abstract

Aims Although heart failure (HF) is a leading cause for hospitalization and mortality, normalized and comparable non-invasive
assessment of haemodynamics and myocardial action remains limited. Moreover, myocardial deformation has not been com-
pared between the guideline-defined HF entities. The distribution of affected and impaired segments within the contracting left
ventricular (LV) myocardium have also not been compared. Therefore, we assessed myocardial function impairment by strain in
patients with HF and control subjects by magnetic resonance imaging after clinically phenotyping these patients.

Methods and results This prospective study conducted at two centres in Germany between 2017 and 2018 enrolled stable
outpatient subjects with HF [n = 56, including HF with reduced ejection fraction (HFrEF), HF with mid-range ejection fraction
(HFmrEF), and HF with preserved ejection fraction (HFpEF)] and a control cohort (n = 12). Parameters assessed included mea-
sures for external myocardial function, for example, cardiac index and myocardial deformation measurements by cardiovas-
cular magnetic resonance imaging, left ventricular global longitudinal strain (GLS), the global circumferential strain (GCS)
and the regional distribution of segment deformation within the LV myocardium, as well as basic phenotypical characteristics.
Comparison of the cardiac indices at rest showed no differences neither between the HF groups nor between the control
group and HF patients (one-way ANOVA P = 0.70). The analysis of the strain data revealed differences between all groups
in both LV GLS (One-way ANOVA: P < 0.01. Controls vs. HFpEF: —20.48 + 1.62 vs. —19.27 + 1.25. HFpEF vs. HFmrEF:
—19.27 + 1.25 vs. —15.72 + 2.76. HFmrEF vs. HFrEF: —15.72 + 2.76 vs. —11.51 + 3.97.) and LV GCS (One-way ANOVA:
P < 0.01. Controls vs. HFpEF: —19.74 + 2.18 vs. —17.47 + 2.10. HFpEF vs. HFmrEF: —17.47 + 2.10 vs. —12.78 + 3.47. HFrEF:
—11.41 + 3.27). Comparing the segment deformation distribution patterns highlighted the discriminating effect between
the groups was much more prominent between the groups (one-way ANOVA P < 0.01) when compared by a score combining
regional effects and a global view on the LV. Further analyses of the patterns among the segments affected showed that while
the LVEF is preserved in HFpEF, the segments impaired in their contractility are located in the ventricular septum. The worse
the LVEF is, the more segments are affected, but the septum remains an outstanding location with the most severe contrac-
tility impairment throughout the HF entities.

Conclusions While cardiac index at rest did not differ significantly between controls and stable HF patients suffering from
HFrEF, HFmrEF, or HFpEF, the groups did differ significantly in LV GLS and LV GCS values. Regional strain analysis revealed that
the LV septum is the location affected most, with reduced values already visible in HFpEF and further reductions in HFmrEF
and HFrEF.
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Introduction

While the causes for heart failure (HF) have been broadly
explored and HF is becoming increasingly important
due to demographic changes in the western world,
mechanisms and haemodynamic have remained insufficiently
understood.™? Patients with HF include those with reduced
left ventricular (LV) ejection fraction (LVEF, HFrEF),
mid-range LVEF (HFmrEF) and preserved LVEF (HFpEF)—all
with different degrees of systolic and diastolic alterations.?
Phenotypically, patients with HFrEF, HFmrEF, and HFpEF suf-
fer from a systemic disease with different comorbidities with
great overlaps.*® Classic approaches to categorize these phe-
notypes include functional classes of symptoms on exertion,
for example, by the New York Heart Association (NYHA) clas-
sification, global cardiac function assessed by global systolic
or diastolic parameters, for example, LVEF or E/e. While the
discriminatory effect of LVEF among HF patients has been
broadly criticized for decades, especially in distinguishing
healthy hearts from HFpEF patients, increasing evidence chal-
lenged its meaning because it covers poorly actual cardiac
action.®™ While echocardiographic parameters are exten-
sively used in HF guidelines, they have significant detractions,
especially in an era when HFpEF is becoming the dominant
presentation.°

Measurements of cardiac contractility and the assessment
of myocardial deformation by strain analyses are an emerging
and promising tool to better characterize patients.*°

Strain imaging provides the opportunity to render the
spatial contractility parameters (longitudinal, circumferen-
tial, and radial strain) measurable at each voxel level over
the cardiac cycle, as the LVEF is limited in discriminating
HF patients and both global longitudinal and circumferen-
tial strain provide the chance to assess these subjects more
accurately—especially by cardiovascular magnetic reso-
nance imaging (CMR).}* Since HFmrEF was just introduced
in 2016 by the European Society of Cardiology (ESC) guide-
lines, assessment of strain imaging in HFmrEF patients has
been very limited.

However, usually myocardial deformation is reported as a
global value either for the longitudinal axis or the circumfer-
ential axis. Recent studies showed the relevance of both
myocardial deformation per se and the distribution of its im-
pairment—a comparison between the HF entities regarding
their regional differences within the LV myocardium has not
been performed. Combining the regional differences and a
global view on the affected LV resulted in a summarizing
score based on 37 segments of the LV, which has already
been introduced.? The ratio of segments with preserved
strain values to all 37 LV segments represents a number
reflecting the share of the myocardium that provides a nor-
mal strain value of the LV with a global view—allowing for
comparisons of how many segments are affected between
the HF entities.

While HF entities per se have been characterized regarding
strain values, there has not been a comparison of cardiac
contractility with regard to the cardiac work or cardiac index.

The aim of this study is to assess the longitudinal and cir-
cumferential strain as well as the distribution of the myocar-
dial deformation in an HF population including HFrEF,
HFmrEF, and HFpEF patients as well as subjects without HF.

Methods

This study was a prospective study conducted at two
centres in Berlin, Germany, the Charité—University Medicine
Berlin and the German Heart Centre Berlin, between 2017
and 2018.

Briefly, subjects were screened for diagnosed HF NYHA
functional Classes Il and Il and an age of at least 45 years.
The initial diagnosis of HF should have been older than
30 days; the patients were required to be in a stable state
with no changes in their HF medication and no HF hospitali-
zation within the previous 7 days. HFrEF was defined as diag-
nosis of HF, increased N terminal pro brain natriuretic
peptide (NT-proBNP) (>220 pg/mL) and LVEF <40%, HFmrEF
as the diagnosis of HF, increased NT-proBNP (>220 pg/mL)
and 40% > LVEF < 50% as well as HFpEF as diagnosis of HF,
increased NT-proBNP (>220 pg/mL) and LVEF >50% at the
time of study inclusion. We did not distinguish between the
causes for HF for recruiting patients.

Additionally, we recruited subjects without HF or major
cardiovascular diseases as controls—for this analysis, we ex-
cluded those with cardiovascular risk factors, for example,
coronary artery disease or diabetes.

All studies included complied with the Declaration of
Helsinki, the protocols were approved by the responsible
ethics committees, and all patients gave written informed
consent. It was registered at the German Clinical Trials Regis-
ter (DRKS, registration number: DRKS00015615). The detailed
inclusion and exclusion criteria are listed on the webpage of
the DRKS. Further analyses of this study have already been
published.'371€

Cardiac magnetic resonance

All CMR images were acquired using 1.5 T (Achieva, Philips
Healthcare, Best, The Netherlands) magnetic resonance
imaging (MRI) scanners with a five-channel cardiac surface
coil in a supine position. All study participants were
scanned using identical comprehensive imaging protocol.
The study protocol included initial scouts to determine
cardiac imaging planes. Cine images were acquired using a
retrospectively gated cine-CMR in cardiac short-axis, vertical
long-axis, and horizontal long-axis orientations using a
steady-state free precession sequence for volumetry as
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previously described.'® The calculation of the cardiac indices
(Cls) is based on the volumetry of the ventricles. Fast
strain-encoded (fast-SENC) MRI was used for strain
evaluation, as it has been shown to enable quantification of
longitudinal and circumferential strain in free breathing and
with high reproducibility.’” Images were blinded to strain
analysis, cine, and volumetric measurements, respectively.
We waived interobserver analyses based on an analysis that
highlighted the robustness of fast-SENC analyses regarding
intraoberserver and interobserver variabilities.*®

Image analysis

All images were analysed offline using commercially available
software (Medis Suite, version 3.1, Leiden, The Netherlands)
in accordance to recent consensus document for quantifica-
tion of LV function using CMR.° In the analysis were included
2Ch, 3Ch, and 4Ch cine images, and respectively, three
preselected mid-ventricle slices from the LV short-axis stack.
Image analysis was performed using the software Medis®
Suite MR (Medis medical imaging systems, Leiden, The
Netherlands, version 3.1) for volume measurements and the
software MyoStrain (Myocardial Solutions, Inc., Morrisville,
North Carolina, USA, version 5.0) for fast-SENC strain
measurements.

Statistical analysis

Statistical analysis was carried out with GraphPad Prism
software version 8.4.2 and R version 3.5.1 (2018-07-02)
(R Foundation for Statistical Computing, Vienna, Austria).

Normality of variables was assessed by visual assessment
of normality curves and the Shapiro—Wilk test. Comparison
between groups for continuous variables was performed with
a one-way ANOVA for normally distributed data. When a
significant P value was obtained using one-way ANOVA, the
group means were examined by the Holm—Bonferroni
method. Values of P < 0.05 were considered statistically
significant.

Results
Study population

There were 68 subjects analysed, including 56 HF patients
(HFrEF: n = 19; HFmrEF: n = 19; HFpEF: n = 18) and 12 without
HF. We considered the subjects without HF and cardiovascu-
lar risk factors as controls in our study. The baseline charac-
teristics are shown in Table 1.

Haemodynamic differences

Figure IC illustrates the cardiac indices of all four analysed
groups, which illustrates that there is no difference in cardiac
indices neither between controls and HF groups nor between
the HF groups (one-way ANOVA: P = 0.64). In the same man-
ner, the stroke volume indexed to the body surface area was
not relevantly different between the groups—while the LVEF
and the LV end-diastolic volume index were different among
the groups, which underlines der reliability of our data (Table
1).

Strain analyses

While the majority of segments are impaired regarding the
contractility measured in strain values in HFrEF patients, the
majority is preserved in HFpEF patients (Figure 2A,B). None-
theless, we see a significant difference in the global, averaged
strain value between controls and HFpEF while most seg-
ments are intact (Figure 2C). Obviously, there are a restricted
number of segments in HFpEF patients that are mostly
affected to make the global value different. Further analyses
showed that these segments are mainly located in the LV sep-
tum. The lower the LVEF is, the more segments are
affected—this correlates with higher LV septum impairment.

Discussion

In this analysis, we compared for the first time the cardiac in-
dices as well as myocardial deformation pattern changes
measured by MRI at rest in a stable but symptomatic outpa-
tient cohort suffering from HFrEF, HFmrEF, and HFpEF as well
as a controls cohort without HF. While Cl was not different
among these groups at rest, strain values showed differences.
This finding stayed in contrast to the clinically common
perception that a lower LVEF is indicative of a lower cardiac
output but was in line with the haemodynamic key rule that
in HF, Cl is impaired or only maintained at the expense of
increased filling pressures.

We explain our findings by the fact that the HF patients in-
vestigated in our study were stable and showed symptoms
only at exertion, reflected by the NYHA functional Classes I
and lll—therefore, showing no impairment of Cl at rest.

Analysing strain values, we saw differences between the
groups in both LV GLS and LV GCS. This finding is also in align-
ment with previous studies, which showed that both GLS and
GCS are robust to LV volume changes, especially more robust
compared with LVEF.**82° |atest works support the idea
that myocardial shortening is a superior parameter for myo-
cardial contraction and function.?! Similar to our analysis,
other studies have also shown that septal contraction is
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Figure 1 Synopsis of LVEF, SVi, and cardiac index in all four groups. (A)
LVEF in all subject groups. All marked differences are statistically signifi-
cant in percentage (mean * SD): *controls vs. HFmrEF: 62.00 + 5.34 vs.
4484 + 293, P < 0.01; ***HFpEF vs. HFmrEF 61.42 + 5.88 vs.
4484 + 293, P < 0.01; ****HFpEF vs. HFrEF: 61.42 + 5.88 vs.
32.89 + 4,71, P < 0.01. (B) Stroke volume indexed to body surface area
in all subject groups. Marked difference is significant in B in millilitre per
square meter (mL/m?): *controls vs. HFmrEF: 49.75 + 5.79 vs.
41.74 £ 5.75, P = 0.031. Other descriptive values in millilitre per square
meter (mL/mz) (mean * SD): HFpEF: 43.79 + 9.81; HFrEF: 42.56 + 7.28.
(C) Cardiac index in all subject groups. Other descriptive values in L/min/
m’ (mean + SD): controls: 2.96 + 0.39; HFpEF: 2.71 + 0.58; HFmrEF:
2.79 £ 0.42; HFrEF: 2.83 £ 0.56. HFmrEF, heart failure with mid-range ejec-
tion fraction; HFpEF, heart failure with preserved ejection fraction; HFrEF,
heart failure with reduced ejection fraction; LVEF, left ventricular ejection
fraction; SVi, left ventricular stroke volume indexed to body surface area.
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Figure 2 Synopsis of LV GLS, LV GCS and fraction of preserved strain in all
subject groups. (A) LV GLS in all subject groups. All marked differences are
statistically significant: *controls vs. HFpEF: —20.48 + 1.62 wvs.
—19.27 + 1.25, P = 0.041. **HFpEF vs. HFmrEF: —19.27 + 1.25 vs.
—15.72 + 2.76, P < 0.01. ***HFmrEF vs. HFrEF: —15.72 + 2.76 vs.
—11.51+3.97, P < 0.01. (B) LV GCS in all subject groups. All marked differ-
ences are statistically significant in B: *controls vs. HFpEF: —19.74 + 2.18
vs. —17.47 + 2.10, P = 0.017. **: HFpEF vs. HFmMrEF: —17.47 + 2.10 vs.
—12.78 + 3.47, P < 0.01. Other descriptive values (mean % SD):
HFrEF: —11.41 + 3.27. (C) Fraction of preserved strain in all subject groups.
All marked differences are statistically significant in C in percentage: *con-
trols vs. HFpEF: 79.00 + 8.50 vs. 68.11 + 9.54, P < 0.01. **HFpEF vs.
HFmrEF: 68.11 + 9.54 vs. 42.16 + 14.89, P < 0.01. ***HFmrEF vs. HFrEF:
42.16 + 14.89 vs. 26.72 + 15.72, P < 0.01. GCS, global circumferential
strain; GLS, global longitudinal strain; LV, left ventricular; HFmrEF, heart
failure with mid-range ejection fraction; HFpEF, heart failure with pre-
served ejection fraction; HFrEF, heart failure with reduced ejection frac-
tion; LVEF, left ventricular ejection fraction.
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primarily impaired—even though in different cardiac diseases
leading to HF. Changes of myocardial contraction in HF of
different origins require further investigation (Figures 3
and 4).%

The relationship between LV GCS and LV GLS regarding
additional value needs to be further evaluated, especially
because there are myocardial compensation mechanisms
reported, which showed increase of the one when the other
is impaired—which are in contrast to our results, possibly due
to different techniques, fast-SENC on the one hand, and
tissue tracking on the other.**

The prognostic value of GLS was initially limited, but recent
studies showed a significant added value in prognosis with
improved techniques, mainly in HFrEF patients—the prognos-
tic aspect of the GCS value has not been conclusively
evaluated.”

Our calculations are limited by the moderate number of
LVEF values at the extremes and the stable outpatient state
of the HF patients (NYHA Classes Il and Ill). An analysis includ-
ing patients with NYHA Class IV might provide a more elabo-
rate approach to these questions, but it is more challenging
to perform a diagnostic CMR in those patients due to their su-
pine position at the time of the exam. Alternatively, a physical
stress method at which the patients report symptoms could

be added to the protocol to assess the point of time of dis-
comfort—this is not yet an established part of routine MRI di-
agnostic protocols. Additionally, the optimal stressor is not yet
defined. The results of our study are in line and supportive
with the recent ESC Heart Failure Association (HFA) position
statement for shifting paradigms in the assessment of cardiac
function.?* In particular, going away from ejection fraction to
myocardial strain evaluation and also from rest to stress as-
sessment of LV function is accompanied by the latest expert
panel statement of the HFA regarding HF classification.”
Correspondingly, the newest ESC HFA diagnostic work-up
recommendation for HFpEF highlights the relevance of stress
imaging to unmask impaired cardiac function in HF.>> We con-
sider our results as a key component in changing the
understanding of HF dynamics challenging the current HF clas-
sification. In summary, we have to state that the current HF
classification of HF patients into LVEF-based entities is only
of relevance in HFrEF patients from a treatment point of view.
HFrEF is the only entity with an evidence-based treatment
while chronic HFmrEF and HFpEF still lack tailored therapy.?
Better characterization of the myocardial action impairment
provides both a better pathomechanistic understanding of
the underlying disease and better parameters for patient
phenotyping as well as trial endpoints.

Figure 3 Regional disparity of myocardial contraction preserved in all four groups. Ratio of segments with both LV GLS and LV GCS in the reference
range, that is, < — 17% divided by the amount of LV segments in every patient (n = 37). (A) Septal segments strain in all subject groups. All marked
differences are statistically significant: *controls vs. HFpEF: —19.63 + 1.95 vs. —16.61 + 2.57, P < 0.01. **HFpEF vs. HFmrEF: —16.61 + 2.57 vs.
13.69 £ 4.91, P = 0.013. ***HFmrEF vs. HFrEF: 13.69 * 4.91 vs. —9.04 £+ 5.27, P < 0.01. (B) Anterior segments strain in all subject groups. All marked
differences are statistically significant: *controls vs. HFpEF: —19.73 + 1.77 vs. —18.25 + 1.83, P = 0.017. **HFpEF vs. HFmrEF: —18.25 + 1.83 vs.
—13.54 £4.20, P < 0.01. ***HFmrEF vs. HFrEF: —13.54 £ 4.20 vs. —9.22 + 4.41, P < 0.01. (C) Inferior segments strain in all subject groups. All marked
differences are statistically significant: **HFpEF vs. HFmrEF: —20.64 + 2.87 vs. —15.29 * 3.19, P < 0.01. Other descriptive values: controls:
—21.81 + 2.06. HFrEF: —12.97 + 4.22. (D) Lateral segments strain in all subject groups. All marked differences are statistically significant: **HFpEF
vs. HFmrEF: —20.69 + 2.49 vs. —14.47 + 3.38, P < 0.01. Other descriptive values: controls: —20.82 + 1.84. HFrEF: —13.81 * 3.18. GCS, global circum-
ferential strain; GLS, global longitudinal strain; LV, left ventricular; HFmrEF, heart failure with mid-range ejection fraction; HFpEF, heart failure with
preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; LVEF, left ventricular ejection fraction.
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Figure 4 Distribution of regional strain impairment in all four groups. LV, left ventricular; HFmrEF, heart failure with mid-range ejection fraction;
HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction.
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Limitations

This study was performed at two centres cooperating, one
focusing on MRI acquisition and analysis and the other with
the remainder of the comprehensive study. The MRI centre
used the same scanner for all subjects providing a high level
of comparability.

Examinations in an magnetic resonance scanner may cause
psychological stress due to the confined space and examina-
tion in a hospital setting. We cannot rule out that in some
patients, this might have resulted in potentially slightly higher
Cl values compared with the Cl at complete rest at home.

While including more patients than previous studies
evaluating the discriminatory effect of strain values across
HF groups and a control cohort, our sample size was still
small.

We had to exclude patients with implanted ICDs and pace-
makers due to MRI contraindications. This limits the general-
izability of our study to the general HF population, especially
in patients with HFrEF. However, our findings should primar-
ily be considered hypothesis generating.

Conclusions

While cardiac index at rest did not differ significantly be-
tween controls and stable HF patients suffering from HFrEF,
HFmrEF, or HFpEF, the groups did differ significantly in LV
GLS and LV GCS values. Regional strain analysis revealed that
the LV septum is the location affected most, with reduced
values already visible in HFpEF and further reductions in
HFmrEF and HFrEF.
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