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1 Chapter 1: Introduction

1.1 Basic principles magnetic resonance imaging

1.1.1 Magnetic properties of hydrogen nuclei

Magnetic resonance imaging (MRI) is grounded on the magnetic properties of
hydrogen nuclei (protons). One magnetic property of hydrogen proton is positively
charged and spins about its axis, thus spinning protons act like tiny magnets (Pooley,
2005). All of these tiny magnets form the net (macroscopic) magnetization. Normally,
magnetic moments cancel with each other due to the random distribution of these tiny
magnets, results in a null net magnetic vector (van Geuns et al., 1999). However when
placed in a strong external magnetic field (B,), spinning protons wobble around the
axis of external field like spinning-tops in a parallel or antiparallel direction, this motion
is called precession. The frequency of precession is determined by the Larmor

equation (van Geuns et al., 1999):
@ =Y " By

where @, is the precessional frequency (also called Larmor frequency), B, is the

strength of the external magnetic field, and vy is the gyromagnetic ratio of the nucleus.

1.1.2 Nuclear magnetic resonance phenomenon

The net magnetic vector of spinning protons is decomposed into two orthogonal
components: the transverse magnetic vector (M,, ) and the longitudinal magnetic
vector (M,). Due to the different phase of the precession for each individual proton, the
transverse magnetic vector of protons cancel each other, and thus net magnetic field
is generated from longitudinal magnetization. The longitudinal magnetization within the
external field is determined by the proportion of the parallel and antiparallel protons.
Since parallel alignment is the lower energy state than that in antiparallel alignment, a



few more spinning protons parallelly wobble around the B,, which leads to the net

magnetic field parallel to the main field B, (van Geuns et al., 1999).

The protons within the main magnetic field reemit the absorbed energy in the form of
radio signals after stimulated by a radiofrequency (RF) pulse at Larmor frequency, this
phenomenon is referred to as nuclear magnetic resonance (NMR) (Pykett et al., 1982).
To obtain the signals from the spins, the spin equilibrium needs to be altered through
excited by RF pulse at resonance frequency. The net magnetization rotates away from
the longitudinal direction to transverse plane as energy is absorbed from the RF pulse,
the flip angle depends on the strength and duration of the RF pulse (Pooley, 2005).
Applying a 90° RF pulse will rotate the longitudinal magnetization into the transverse
plane and null longitudinal magnetization, whereas a 180° RF pulse will rotate the

longitudinal magnetization over to the opposite direction.

1.1.3 T1 and T2 relaxation time

Relaxation refers to the process of net magnetization returning to equilibrium (from
high energy to low energy) after the RF pulse is switched off. During this process, the
transverse magnetization begins to decay, and the previously absorbed energy has to
be released to the environment at the meantime, thus generating a free-induction
decay (FID) signal (Pykett et al., 1982, van Geuns et al., 1999). Relaxation has two
mechanisms including longitudinal (spin-lattice) relaxation and transverse (spin-spin)
relaxation, the former involves the energy interaction between the spins and
surrounding lattice and the latter results from spins getting out of phase with each other
(Dixon and Ekstrand, 1982). Longitudinal relaxation refers to longitudinal
magnetization recovery and transverse relaxation corresponds to transverse
magnetization decay. Bloch proposed two relaxation time constants known as the
longitudinal relaxation time (T1) and the transverse relaxation time (T2) (Bloch, 1946).
T1 is defined as the time required for longitudinal magnetization to recover to 63% of
its final value, and T2 represents the time required for transverse magnetization to

decay down to 37% of its original value.



1.1.4 Spatial encoding

To reconstruct images from signals, spatial information needs to be added to the NMR
signal, allowing the signals from tissue in one location to be differentiated from those
in another location. This spatial encoding is achieved through the application of slice-
encoding (selection), phase-encoding, and frequency-encoding gradient magnetic
fields. Although these gradients produce similar effects but used for different purposes
(Paschal and Morris, 2004).

Slice selection is achieved through gradient magnetic fields (G) applied perpendicular
to the target slice plane. G can mildly distort the main magnetic field B, in a predictable
pattern, causing tissue signals to have frequencies that vary linearly as a function of
position (Paschal and Morris, 2004), according to the following Larmor equation:

a)p:Y'(BO_i_G'p)

where B, is the strength of the main magnetic field, y is the gyromagnetic ratio of the
nucleus, and G is the gradient magnetic field applied along the position axis (p). The
selective RF pulse will only excite the spins in the desired slice, where the adapted
frequency of RF pulse matches the local Larmor frequency, spins outside the desired

slice do not resonate and emit signal (van Geuns et al., 1999).

The frequency and phase encoding are used to specify position within the selective
slice. A phase-encoding gradient is used to change the frequency of precession. These
protons will return to the original frequency but accumulate a permanent phase shift
after the gradient field is switched off. For encoding with linear gradients only, the
accumulative phase shift (@), at location (x) and time (t) can be written according to

the following formula of the gradient history (Gallichan et al., 2011):

t

® (x,t) = yfx -G (tHdt

0

where G is the linear gradient field applied to phase encoding at time t. By applying

phase-encoding gradients with different strengths, different phase shifts are produced



each time. The amplitude plotted against each phase shift results in a phase-shift curve
that corresponds to a specific frequency. Fourier transform will be applied to separate

out the frequencies, which enables the acquisition of phase-encoding information.

The last step of spatial encoding involves the application of a frequency-encoding
gradient to differentiate pixels with the same phase encoding. The basic principle is
similar to slice selection (van Geuns et al., 1999). After obtaining all the spatial
information, the processor fills in the corresponding k-space.

1.1.5 Pulse sequences

The essential components for pulse sequences are RF excitation pulse and gradients
for spatial encoding (2D or 3D) (Brown and Semelka, 1999). The spin-echo (SE) and
gradient-echo (GRE) are two fundamental types of pulse sequences, all other
variations have been developed based on these two sequences with adding different
parameters to accelerate image acquisition (Bitar et al., 2006).

1) Spin-echo pulse sequence

The simplest form of SE pulse sequence consists of 90° pulse, 180° rephasing pulse
and signal reading. A SE sequence has two key parameters, namely the echo time
(TE) and the repetition time (TR), which are essential to control image contrast. The
time between the middle of the first RF pulse and the peak of the echo detected is
called TE, and TR is the time between the application of an RF excitation pulse and
the start of the next RF pulse (Brown and Semelka, 1999). In SE sequence, a 90° pulse
flips the longitudinal magnetization vector into the transverse plane and results in a
signal, but which will rapidly dephase due to local magnetic field inhomogeneities (T2*
effects). A 180° pulse is applied at TE/2 to compensate for field inhomogeneities and
rephase these spins whose phases have been scattered, then forming an echo at TE
(Bitar et al., 2006, Pooley, 2005).

2) Inversion-recovery sequence
The inversion recovery (IR) sequence is a conventional SE sequence preceded by a
180° preparatory pulse, which is used to flip longitudinal magnetization vector in the



opposite direction. It is useful for nulling the unwanted signal from a particular tissue
(e.g., water and fat) (Bitar et al., 2006). In detail, after initial inversion of the longitudinal
magnetization, the spins begin to relax and the suppressed signal pass through the
null point, a 90° pulse is applied to flip all other signals into the transverse plane for
image formation as previous conventional SE sequence (Pooley, 2005). The time
between the 180° preparatory pulse and the following 90° pulse is called the inversion
time (Tl) (Bydder and Young, 1985).

3) Gradient-echo pulse sequence

The GRE pulse sequence is based on only a single RF pulse, typically below 90°, in
conjunction with readout gradient reversal. In GRE sequence, a flip angle less than 90°
pulse partly flips the longitudinal magnetization vector into the transverse plane, a
readout gradient is required to dephase and rephase transverse magnetization and
then form an echo (Bitar et al., 2006). As a result, TE is generally shorter for GRE
sequence than for SE sequence (Markl and Leupold, 2012). Additionally, the smaller
flip angle and the absence of rephasing 180° pulse allow the TR to be much shorter
(Pooley, 2005). The combination of shorter TE and TR allows a very fast imaging
acquisition, thus numerous GRE-based variants are applied in the clinical setting
especially in cardiac MRI (Waterton et al., 1985) and MR angiography (Dumoulin and
Hart, 1986).

MRI techniques and systems have evolved dramatically over recent years overcoming
many engineering, physical, and technical issues, which has become a widely used
clinical imaging modality. Increased temporal resolution has been enabling the
development of applications in the field of cardiovascular disease, including the
creation of cardiac magnetic resonance (CMR) imaging.

1.2 Cardiac magnetic resonance imaging

Despite facing with numerous challenges posed by mobile structures, CMR imaging
has been recognized as the gold standard for assessing the heart due to its high
reproducibility and spatial resolution (Salerno et al., 2017). With the ongoing



improvements of advanced techniques, CMR imaging has been facilitating a wide
range of cardiac applications in research and clinical practice (see Table 1).

Table 1. Main applications of cardiac magnetic resonance imaging.

Applications Sequences

Cardiac anatomy and morphology Black-blood imaging and bright-blood static imaging
Cardiac function Bright blood cine imaging

Flow Phase-contrast, Q-flow, 4D flow

Myocardial perfusion First-pass perfusion (rest and stress)

Myocardial viability Late gadolinium enhancement imaging

Myocardial tissue quantification T1 mapping, T2 mapping, and T2*mapping

1.2.1 Electrocardiographic gating

To acquire acceptable heart images, signal acquisition is required to be unaffected by
the rapid and complex motion of the heart and cardiovascular normal contractility.
Thereof the image acquisition needs to be synchronized with the phasic motion of the
heart and rely on accurate detection of the R-wave, also known as electrocardiographic
(ECG) gating (Chia et al., 2000). This can be achieved in two methods including
prospective and retrospective gating.

Prospective gating involves initiating image acquisition using R-wave triggering (Ginat
et al., 2011). This method requires only the necessary data to be collected but is
susceptible to the influence of heart rate and artifacts (Scott et al., 2009). Retrospective
gating involves continuous image acquisition throughout the cardiac cycle, followed by
post-processing of selected data according to the phase of cardiac cycle. Thus it is
more time-consuming but not sensitive to heart rate (Ginat et al., 2011). Since the data
can be acquired throughout the entire cardiac cycle, retrospective gating is typically
used for cine sequences (Scott ef al., 2009).




1.2.2 Black-blood imaging

Black-blood imaging allows fast-flowing blood through the image slice to appear as low
signal, while the myocardium appears as a relatively higher signal. This facilitates the
observation of the anatomical structures (e.g., large vessels of the heart, normal or
diseased myocardium, pericardium, and pericardial cavity). The SE pulse sequences
are conventionally used to generate black-blood imaging, consisting of the 90° and
180° pulses (Ginat et al., 2011). The 90° pulse excites all the tissue within the slice,
but the signal is only generated when the same tissue and blood receive the 180°
refocusing pulse. The tissue within the slice can receive the 180° pulse and generate
a spin signal, while fast-flowing blood experiences the 90° pulse but misses the 180°
rephasing pulse, resulting in signal loss due to the flow void effect (Ridgway, 2010).
However, the application of the flow void effect alone cannot completely guarantee the
black-blood appearance, the dual-inversion black-blood preparation pulse scheme
using two 180° inversion pulses to null signal from flowing blood is applied to achieve
consistent imaging (Edelman et al., 1991). The first non-selective inversion 180° pulse
inverts the magnetization of all tissue, the second slice-selective inversion 180° pulse
restores the magnetization of the tissue within the intended image slices. The net effect
of these two pulses is to invert the longitudinal magnetization vector of all tissue outside
the selective slices (Ridgway, 2010). After the inversion delay, the signal is collected
when the longitudinal magnetization of the inverted blood outside the slice recovers
towards zero. The non-inverted blood within the slice also cannot generate signal due
to the flow void effect at the same time. An additional selective pulse can be added in
the interval between the dual-inversion preparation and SE readout to suppress the

signal from fat.

1.2.3 Cine imaging

The cine imaging is conventionally used to quantify morphological and functional
indices. Cine acquisition is performed at multiple time points within each cardiac cycle,
requiring a very short TR as imaging data needs to be acquired at each time point.
Therefore, cine imaging normally applied in clinical practice is based on GRE pulse
sequences. There are basically two types of GRE pulse sequences including spoiled
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and steady state sequences. One type of steady state sequences is fully refocused

steady state sequence, also called as balanced-steady state-free precession (bSSFP)

sequence, since gradients applied in all three axes (slice-selection, phase-encoding,

and readout) are balanced (Chavhan et al., 2008). Key characteristics of the spoiled

and bSSFP GRE sequences are summarized in Table 2.

Table 2. Key characteristics between the spoiled and bSSFP GRE sequences.
This table was adapted from John P Ridgway (Ridgway, 2010).

Characteristics Spoiled GRE bSSFP GRE
Flip angle (excitation pulse) | Variable 5°-40° Variable 50°-70°
180° refocusing pulse No No

Contrast weighting T1, T2* T2/T1 ratio
Short repetition time (T1- 3-400 ms (depends on flip angle) 3-5ms
weighting)

Short echo time (minimize 1-3 ms 1-3ms

T2 or T2* weighting)

Long echo time (for T2 or 7-15ms Not applicable

T2* weighting)

Long repetition time

(minimize T1 weighting)

100 ms - (depends on flip angle)

Not applicable

Shortest practical TR

2-5ms

2-5ms

Intra-voxel signal loss

(susceptibility, iron)

Yes

Yes

Signal from blood flowing

through the slice

Bright (inflow enhancement)

Bright (intrinsic T2/T1 contrast)

Cardiac applications

Function, contrast-enhanced MR
angiography, qualitative flow
assessment (jets, regurgitation),

T2*-weighted imaging for iron loading

Function,

volumetric measurements

Vendor-specific names
» Siemens
«  Philips
« GE

TFL: Turbo FLASH
T1-TFE: T1-weighted Turbo Field Echo
FSPGR: Fast Spoiled GRASS

True FISP

BTFE: Balanced Turbo Field Echo
FIESTA: Fast Imaging Employing
Steady sTate Acquisition




The GRE sequences typically require a very short TR, usually shorter than the T2
relaxation times of the blood or myocardium. Hence there is not enough time for the
transverse magnetization to decay completely before the next RF pulse excitation,
leading to a residual portion of the transverse magnetization vector at the end of each
TR that can affect the next RF excitation (Chavhan et al., 2008). With bSSFP sequence,
the residual transverse magnetization vector is refocused and aligns over several TR
periods to converge towards a dynamic equilibrium (steady state), generating an
intensive signal detected by the receiver coil (often stronger than with spoiled GRE
sequence), but this can cause the banding artifacts characterized by strong signal
drops due to field inhomogeneity (Scheffler and Lehnhardt, 2003). This dynamic
equilibrium in bSSFP means that the use of balanced (symmetrical) gradient fields
applied in all three gradient axes within TR (Figure 1). Because gradient-induced
dephasing within the TR interval is exactly zero, the signal is at the center of the TR
interval, making bSSFP relatively insensitive to motion (Chavhan et al., 2008).

+0L -

— A

G Phase l T

G Readout

L |
SIGNAL i

]: TR :\

[«—TE—> «—TE—>|

Figure 1. Balanced steady state free precession sequence.
a = flip angle, G = gradient, TE = echo time, TR = repetition time, RFp = radiofrequency pulse. This
figure was adapted from Govind B. Chavhan (Chavhan et al., 2008).



Contrast in bSSFP is dependent on the T2/T1 ratio. The especially high contrast
between the transient signal of inflowing blood and the steady-state signal of the
myocardium, which is low due to a low T2/T1 ratio, makes bSSFP particularly useful
for cardiac imaging (Scheffler and Lehnhardt, 2003).

1.2.4 Feature-tracking

In routine clinical practice, traditional indices including left ventricular (LV) ejection
fraction (EF) cannot evaluate regional contractility and lack sensitivity to detect subtle
alterations of cardiac function (Kalam et al., 2014).

The novel feature-tracking (FT) technique allows the quantification of myocardial strain
through a block-matching approach that identifies anatomical features on cine images
tracking myocardial boundaries. Myocardial strain (g;) is a sensitive measurement of
myocardial deformation and defined as the change in fiber length relative to a reference
state (Taylor et al., 2015):

dL

& =
L
0

where dL is the change in fiber length, L, is typically the fiber length at end-diastole.

LV myocardial strain is a multidimensional tensor and consists of three components
(longitudinal, radial, and circumferential directions) when it is projected into an LV-
centered cylinder system (Taylor et al., 2015) (Figure 2). Long-axis cine images are
tracked to derive longitudinal strain, while short-axis cine images are evaluated to
derive circumferential and radial strain. Systolic global longitudinal strain (GLS)
represents the motion of the LV base toward the apex and global circumferential strain
(GCS) reflects “hoop” shortening (Chitiboi and Axel, 2017). Systolic global radial stain
(GRS) is primarily associated with wall thickening and regarded as the greatest
principal stretch in all three directions (Young et al., 1994). By convention, systolic
longitudinal strain and circumferential strain are negative. Thus, fewer negative values
indicate decreased wall contractility. Systolic radial strain on the contrary has positive

values.
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Radial <—* Circumferential

Longitudinal

Figure 2. Schematic of left ventricular myocardial strain.

The basal slice is located at a distance equivalent to the systolic excursion of the mitral annular plane
from the atrioventricular annulus at end-diastole. The mid slice is located at the mid-cavity at end-
diastole. The apical slice is located at the midpoint between the apical tip and the mid-cavity at end-
diastole. This figure was adapted from Teodora Chitiboi (Chitiboi et al., 2017).

Long-axis 4-chamber and short-axis cine images are used to calculate right ventricular
(RV) longitudinal and circumferential strain (Lam et al., 2021), endocardial RV contours
are traced in the long-axis 4-chamber cine view to derive free wall (FW) longitudinal
strain (Romano et al., 2021). For atrial strain measurement, left atrial (LA) longitudinal
strain is measured in 2- and 4- chamber views excluding the appendage and
pulmonary veins (Leng et al., 2018), and the right atrial (RA) longitudinal strain is

measured tracking the endocardium in the 4-chamber cine view.
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1.2.5 First-pass perfusion

Myocardial perfusion imaging is often referred by the first-pass perfusion, which
represents the phase of contrast enhancement most sensitive to changes in blood flow
(Jerosch-Herold, 2010). This technique is predominantly based on T1-weighted
imaging after injection of a bolus of gadolinium-based contrast agent (GBCA) to
observe the contrast agent through the cardiac chambers and myocardium, and is
generally acquired at rest and stress. The basic requirements of a first-pass myocardial
perfusion imaging pulse sequence are strong T1 contrast, coverage of relevant
myocardial segments and adequate spatial resolution (Gerber et al., 2008). To achieve
high temporal resolution, perfusion imaging requires an ultra-fast acquisition usually
based on spoiled GRE, gradient echo-planar-imaging (EPI) or bSSFP sequences.
Spoiled GRE sequence is the slowest but least susceptible to artifacts from off-
resonance shifts (i.e. field inhomogeneities). In addition, although bSSFP sequence
has a higher signal-to-noise ratio than spoiled GRE sequence, it is currently not ideal
for perfusion imaging at 3 Tesla or higher field strengths due to the potential for image
artifacts. GRE-EPI is mostly used in a hybrid form, where the echo-train length is
limited to approximately 3-6 echoes, depending on the field strength and T2* (Jerosch-
Herold, 2010).

Perfusion imaging relies on the relationship between signal intensity and contrast
concentration, which can be analyzed through quantitative, semiquantitative, or
qualitative observation for the signal intensity changes of the contrast agent bolus to
pass through the myocardium. Normally, first-pass perfusion scan is followed by a late
gadolinium enhancement (LGE) imaging with IR gradient pulse sequences 10-15
minutes after injection of contrast agent (Hendel et al., 2016). The time between first-
pass perfusion and LGE imaging can be utilized to acquire functional cine imaging
(Gerber et al., 2008).

1.2.6 Late gadolinium enhancement

LGE imaging provides excellent depiction of acute myocardial injury and chronic

myocardial scar (Kim et al., 1999), and is also commonly used to noninvasively
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visualize and quantify focal areas of dense extracellular matrix deposition regarded as
replacement fibrosis (Ambale-Venkatesh and Lima, 2015).

1) Fundamental principles of LGE

LGE imaging usually requires the intravenous bolus administration of GBCAs which is
routinely applied in the MRI examination setting based on the strong T1 shortening
effect and tissue dependent distribution (Holtackers et al., 2022). After the
administration of GBCAs, gadolinium-ion bonded to a chelating agent that plays the
role as a carrier to transport molecule and govern gadolinium distribution within the
body, gadolinium spreads through the extracellular matrix, but does not infiltrate the
myocytes (Judd et al., 1995). However, in the event of rupture of cell membrane due
to necrosis, GBCAs enter the extracellular space and previously intact intracellular
space (Kellman and Arai, 2012), which will affect contrast agent wash-in and wash-out
kinetics within the infarcted area compared to normal myocardium. GBCAs need
longer time to diffuse in and out of isolated breaks in the cellular membrane (Kim et al.,
1999). For chronic myocardial scar, the extracellular space is substantially increased
because of replacement by a matrix of collagen. Due to the excessive deposition of
collagenous tissue and the lack of vascularity, GBCAs penetrate scar at a much slower
rate or even fail to penetrate at all, and scar will have retained more contrast. As a
result, GBCAs generally take a longer time to wash-in and wash-out of the infarcted
myocardium or scar than normal myocardium (Kellman and Arai, 2012). The difference
in contrast deposition at the 10-15-minute time point, allowing the delayed

enhancement.

There is a linear relationship between the relaxation rate of longitudinal magnetization
and the change in contrast agent concentration ([Gd]) can explain the reason for
abnormal myocardial representing delayed enhancement (Kellman and Arai, 2012).

The formula is as follows:

AR1 = Rl — Rl = Y[Gd]

where R1 is the relaxation rate of longitudinal magnetization (R1 = 1/T1), andy = 4.5
L mmol~'s~1. Regions with a greater extracellular space or infarct have a higher

concentration of contrast agent at steady state and suffer greater T1-shortening.
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Accordingly, these regions appear brighter on T1-weighted images (Kellman and Arai,
2012). Figure 3 shows the illustration of first-pass perfusion and LGE imaging.

------ Normal myocardium
------ Infarcted myocardium or scar

[Gd] 4
II/’ \\\
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I / \\ =
I 4 \ S
I ! \ S
/ ~
1 ’ N ~
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1 \\\ x\\
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17 I el
—> time
First-pass Late gadolinium enhancement

Gadolinium injection

Figure 3. Illustration of first-pass perfusion and LGE imaging of the myocardium.

2) Phase-sensitive inversion-recovery
Previous literature has demonstrated that the strongly T1-weighted segmented IR GRE

sequence has very good performance in differentiating injured from normal
myocardium after the administration of gadolinium (Kim et al., 2003). The IR sequence
begins with a non-selective 180° inversion pulse that reverses the longitudinal
magnetization of all tissues and is typically followed by an inversion time delay, which
enables all tissues to return to the magnetization equilibrium at a rate depended on the
tissue-specific T1 relaxation time. Afterwards, a spoiled GRE readout is used to acquire
the IR-prepared signal (Holtackers et al., 2022). The phase-sensitive inversion-
recovery (PSIR) sequence is an alternative to conventional IR sequence, which
removes the background phase while preserving the sign of the desired magnetization
during IR. PSIR has become the most widely used sequence for acquiring LGE images
(Kellman et al., 2002). In order to maximize the contrast between the normal and

14



injured myocardium, the 180° inversion pulse is followed by two image acquisitions at
every two cardiac cycles (R-R interval), thus PSIR is also known as “two-beat”
sequence. The first IR image is acquired using multiple 20° flip angle pulses, whereas
the reference image uses 5° flip angle pulses. During the reference acquisition, the
longitudinal magnetization has nearly fully recovered. The phase of the reference
image is used to correct the first IR image, followed by reconstruction of a corrected
real image, which ensures that the signal from normal myocardium is nulled (Kellman
et al., 2002). The PSIR sequence will be better if an optimal estimate by “Look-Locker”
scan is first made (Look and Locker, 1970). Figure 4 is the schematic diagram of PSIR

sequence.
R-wave trigger /J\/\
+ Mz A R-R interval R-R interval
_______________ >
———————— Infarcted myocardium or scar
/,»’ ____________________ >
Inversion time . I Normal myocardium
0 I // — =z E— >
T time
Null point
I/I //
/ ,”
b b I 180° inversion pulse
I’I ,’/
g f
l,’ 4 IR acquisition (20° flip angle)
{'," B Reference acquisition (5° flip angle)
-Mz v

Figure 4. Schematic diagram of a phase-sensitive inversion-recovery (PSIR) sequence used for LGE

imaging.
IR = inversion recovery. This figure was adapted from Robert J. Holtackers (Holtackers et al., 2022).
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1.2.7 Myocardial quantification

Parametric mapping permits both visualization and quantification of alterations in
myocardial characterization based on changes in mapping parameters of T1, T2, T2*
relaxation times and extracellular volume (ECV), which facilitates the quantitative
diagnostics and optimal treatment for focal and diffuse myocardial disease (Messroghli
et al., 2017). Changes of mapping parameters are often associated with pathological

process in the myocardium (Table 3).

Table 3. Myocardial pathological process revealed by T1, T2, T2* and ECV changes.
This table was adapted from Daniel R. Messroghli (Messroghli et al., 2017).

Mapping parameters | Mid increase Moderate-severe increase | Decrease

Native T1 Diffuse fibrosis and Amyloid, necrosis Fabry disease,
scar, acute inflammation and iron and lipid overload,
subacute inflammation | ischemia hemorrhage,

athlete’s heart

ECV Diffuse fibrosis Amyloid, necrosis, scar

T2 Subacute inflammation | Acute inflammation, Iron overload,
acute ischemia, hemorrhage
necrosis

T2* Iron overload,

hemorrhage,

stress-induced ischemia

1) T1 Mapping

T1 mapping measures the T1 relaxation time determined by how rapidly the nuclear
spin magnetization returns its equilibrium state after being excited by a RF pulse (Haaf
et al., 2016), the general principle of which is to acquire multiple T1-weighted images
at different times after an inversion pulse and to fit the signal intensities of these images
to the equation for T1 relaxation time (Taylor et al., 2016). The fitted T1 values for each
pixel can be used to generate a T1 map, which represents arguably the most succinct
and informative summary of the spatial and temporal changes during an IR pulse
(Taylor et al., 2016). The initial T1 measurement based the Look-Locker pulse
sequence involved multiple breath-holds, Messroghli subsequently proposed the

modified Look-Locker inversion recovery (MOLLI) sequence to overcome the
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limitations of Look-Locker. MOLLI allows acquisition within a single breath-hold over
17 successive heartbeats and has become the most widely used T1 mapping method
(Messroghli et al., 2004). Other pulse sequences are also applied to acquire T1
mapping, including saturation recovery single-shot acquisition (SASHA), shortened
MOLLI (shMOLLI), saturation pulse prepared heart rate independent inversion
recovery (SAPPHIRE) (Roujol et al., 2014).

The original MOLLI is a 3(3)3(3)5 scheme, which indicates the number of inversion
pulses and samples and the recovery period: the unbracketed numbers are the
numbers of image acquisitions after the inversion and the bracketed numbers are the
R-R intervals for T1 recovery (Kim et al., 2017). However, it requires a long breath-
hold duration and sufficient time to recover magnetization, a number of modifications
have been proposed to shorten the acquisition time or to improve accuracy and
precision (Kellman and Hansen, 2014). As illustrated in Figure 5, now one popular
MOLLI protocol is 5(3)3 scheme, indicating that there are 2 inversion pulses, acquiring
5 images after the first inversion, followed by a recovery period (3 heart beats) and
then 3 images are acquired after the second inversion (Kellman et al., 2012b, Kim et
al., 2017). This protocol was used in our publications for T1 mapping.

1st inversion 2nd inversion
(5 images) Recovery period (3 images)
7= B (3 beat) 7 ~N
ECG MWAWM
M 180° 180°
P>
Time
M. bSSFP readout
+1
B .
Sort images by En 3-parameter fitting model
inversion time 0 ¢ —
Inversion time S(t)=A-Bexp (-t /T1¥)
T1=T1* (B / A-1)
-1
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Figure 5. Modified Look-Locker inversion recovery (MOLLI) sequence with 5(3)3 scheme.

This scheme involves two inversion pulses and a recovery period of three heart beats, with five and three
images acquired after the first and second inversions respectively. ECG = electrocardiogram, SSFP =
steady-state free-precession. Adapted from Pan Ki Kim (Kim et al., 2017).

Since pathological processes change the water composition or focal molecular
environment in the lesions, which usually are regarded to be associated with the
alterations in T1 values, T1 mapping without the administration of contrast agent
(native T1 mapping) has been reported to detect a variety of myocardial abnormalities.
Myocardial alterations can be detected in the setting of myocardial edema (Ferreira et
al., 2012), myocarditis (Bohnen et al., 2017), iron overload (Krittayaphong et al., 2017),
Fabry disease (Sado et al., 2013), myocardial infarct (Tahir et al., 2017) and fibrosis
(Bull et al., 2013). The two main determinants of an increase in native T1 values are
myocardial edema and increased interstitial space (diffuse interstitial fibrosis or
amyloid deposition), conversely, a decrease in native T1 values is typically associated
with iron or lipid overload (Radenkovic et al., 2017). Previous study reported that the
reference native T1 values are 950+21 ms at 1.5 Tesla and 1052+23 ms at 3 Tesla in
healthy volunteers acquiring by MOLLI sequence with 3(3)3(3)5 scheme (Dabir et al.,
2014), and myocardial T1 values are also gender and age dependent (Roy et al., 2017).
Therefore, a local reference range is also recommended to be primarily used
(Messroghli et al., 2017).

2) Extracellular volume

After administration of contrast agents, the post-contrast T1 mapping is used to
measure the ECV fraction. ECV dichotomizes the myocardium into its cellular and
interstitial components with estimates expressed as volume fractions, which
represents the size of the extracellular space (Moon et al., 2013). Unlike native T1,
post-contrast T1 values are known to vary due to various confounders, including
gadolinium dosing and clearance rate, acquisition time, body composition, and
hematocrit, but as a ratio ECV may offset the variations caused by different vendors,
fields, and sequences (Haaf et al., 2016). Estimation of the ECV requires measurement
of native and post-contrast myocardial and blood T1 values and adjustment for
hematocrit according to the following formula (Haaf et al., 2016):
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According to the consensus statement by the Society for Cardiovascular Magnetic
Resonance (SCMR), hematocrit for the calculation of ECV should be obtained
immediately before scanning, otherwise within 24 hours. For ECV measurements,
post-contrast T1 mapping should be performed 10-30 minutes after the administration
of contrast agents with doses of 0.1-0.2 mmol/kg (Messroghli et al., 2017). In healthy
subjects, myocardial ECV values are reported to be gender and age dependent and
averaged 26.613.2% at 3 Tesla, which are significantly greater in age-matched women
than in men (28+3% vs. 25+2%) and increase with age (Roy et al., 2017). The ECV
can increase with diffuse interstitial remodeling and expansion, and has a great
potential for visualizing and quantifying myocardial edema, fibrosis, necrosis, and

amyloid accumulation.

3) T2 mapping

Conventional T2-weighted (T2w) imaging is commonly used to assess myocardial
inflammation and edema, however a set of challenges limit its widespread clinical
acceptance. T2 mapping, as an alternative technique, has been established to detect
edematous myocardium accurately and reliably overcomes the limitations of T2w
imaging (Giri et al., 2009, Fernandez-Jimenez et al., 2015). Changes in the myocardial
water state can induce elevation in myocardial T2 relaxation time, making it a versatile
parameter for assessing a range of myocardial pathologies (O'Brien et al., 2022).
Myocardial T2 relaxation time is thought to be helpful in the detection of myocardial
edema in patients with acute inflammatory cardiomyopathies (Thavendiranathan et al.,
2012), myocardial infarct (Tahir et al., 2017), sarcoidosis (Crouser et al., 2014) and
athlete’s heart (Tahir et al., 2020). Female sex and aging correlate with increased
myocardial T2 times (Bonner et al., 2015), field strength, pulse sequence and vendor
may also account for heterogeneities. The reference range of T2 relaxation time is
recommended to be defined as the meant2 standard deviations of the local reference
cohort (Messroghli et al., 2017). T2 mapping is mainly acquired using turbo-spin-echo
(TSE), T2-prepared bSSFP or gradient-spin-echo (GraSE) sequences (Messroghli et

al., 2017). GraSE-based T2 mapping combines a fast-spin-echo pulse sequence
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together with echo-planar-imaging (O'Brien et al., 2022). In this sequence a train of
spin-echoes is generated by several refocusing 180° pulses and gradient echoes are
sampled before and after each spin echo with an echo-planar-imaging readout
(Sprinkart et al., 2015, O'Brien et al., 2022). In our publications, we applied GraSE
sequences for acquiring T2 mapping imaging.

To summarize, this section introduced the main applications and corresponding
primary principles of CMR imaging in this thesis, as well as the pathological alterations
in cardiac function and myocardial tissue characterization revealed by conventional
and multiparametric mapping techniques. Detailed descriptions of image acquisition
and post-processing can be found in the Methods section of chapter 2, 3, 4 and 5,
respectively. CMR imaging provides further insights into cardiac alterations, the next
section will introduce the representative cardiac alterations discussed in the thesis.

1.3 Cardiac alterations

1.3.1 Athlete’s heart

Athlete’s heart is the term used for functional and structural adaptation to long-term
and frequent physical training (Scharf et al., 2010), which was first studied by
Morganroth et al. by echocardiography (Morganroth et al., 1975). This adaptation is
categorized into two main morphologic types including LV eccentric and concentric
hypertrophy. Eccentric hypertrophy refers to the increased ventricular wall and cavity
dilatation due to volume load, whereas concentric hypertrophy reflects an increased
wall thickness and myocardial mass but without cavity dilatation in response to
pressure load (Scharf et al., 2010, George et al., 2012). In addition to the LV adaptation,
RV function may be more profoundly altered by intense endurance exercise (La
Gerche et al., 2012). There is speculation that the thin-walled RV experiences a greater
increase in workload than the thick-walled LV during endurance exercise and volume
overload, leading to distinct remodeling patterns (Ector et al., 2007). Regular exercise
is generally recognized as beneficial to the cardiovascular system, but also associated
with sudden cardiac death during or after physical exertion in a minority of athletes

20



(Maron et al., 2009). Although there is hard evidence supporting the cardiac
adaptations to physical exercise, the upper physiological limit remains controversial.

More importantly, due to the overlap features between physiology and pathology,
differentiation of athlete’s heart from other cardiomyopathies is still challenging (Kubler
et al., 2021). Now advanced cardiac imaging techniques are providing further insights
into the phenotype of athlete’s heart by delineating morphological and functional
adaptation as well as evaluating tissue characterization. More data is required to
evaluate the value of CMR imaging in assisting diagnostic decision-making and
investigating the underlying mechanisms of athlete's heart within various athlete

subtypes.

The adaptive alterations of athlete’s heart have been investigated by recent CMR
studies (Bohm et al., 2016, Kramer et al., 2013). The incidence of focal myocardial
fibrosis detected by LGE-CMR is reported to occur in 0% to 50% of asymptomatic
athletes (Domenech-Ximenos et al., 2020, Breuckmann et al., 2009, Bohm et al., 2016).
Diffuse myocardial fibrosis may occur in asymptomatic triathletes manifested by an
elevated ECV based on T1 mapping, which is often not detected by LGE (Tahir et al.,
2018). Moreover, myocardial fibrosis has a measurable impact on LV systolic function
in triathletes, even in those with normal LVEF (Tahir et al., 2019). Although the effect
of endurance exercise on LV diastolic function among athletes has been assessed in
several echocardiographic studies (Teske et al., 2009, Hoffmann et al., 2021), CMR
data focused on the effect of endurance exercise on LV diastolic function is still limited.
In addition, the presence of myocardial fibrosis might impact the patterns of LV diastolic
filling. To understand the impact of myocardial fibrosis on LV diastolic function, it is
essential to compare diastolic filling parameters between athletes with and without

myocardial fibrosis.

The chronic alterations might be the cumulative result of repeated bouts of intense
exercise, an acute injury of exercise is equally noteworthy. Understanding the acute
changes after an endurance exercise bout, is fundamental to elucidate the
mechanisms of how intensive exercise triggers the development of cardiac adaptation
in athletes. After an endurance race, biomarkers of cardiac injury increase in triathletes
and post-race cardiac dysfunction can be observed in triathletes with myocardial
fibrosis (Tahir et al., 2020). Nevertheless, a more recent study has shown that
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biomarkers of myocardial injury are not associated with cardiac dysfunction following
endurance exercise (Wilson et al., 2011b). Conventional parameters may not always
reflect preclinical cardiac alterations in certain cases (e.g., biomarkers or LVEF). CMR-
FT is a sensitive method for quantifying myocardial deformation and could detect subtle

acute changes in cardiac function in triathletes following an endurance race.

1.3.2 Resistant hypertension

The global prevalence of hypertensive heart disease has risen steadily over the past
three decades, maintaining a high burden of mortality in cardiovascular disease (Roth
et al., 2020). According to the European Society of Cardiology Guidelines, resistant
hypertension is defined as above-goal elevated blood pressure despite the concurrent
use of three different antihypertensive drugs, which should include a diuretic (Williams
et al., 2018). Furthermore, patients with resistant hypertension are at higher risk for
adverse cardiovascular events compared to those without resistant hypertension
(Daugherty et al., 2012). It emphasizes the need for greater efforts towards monitoring
the cardiac alterations during disease progression and improving outcome in these
patients who are a potentially higher-risk subset.

Hypertension is considered as the most common risk factor of LV hypertrophy (Koren
et al., 1991). Pressure overload of the left ventricle primarily results in adaptive wall
thickening and increase in mass leading to concentric hypertrophy (Grossman et al.,
1975), while some hypertensive patients also exhibit an eccentric hypertrophy pattern
characterized by normal relative wall thickness despite increased ventricular mass
(Koren et al., 1991). However, concentric hypertrophy is more closely associated with
poor prognosis than eccentric hypertrophy (Koren et al., 1991). Due to the uncontrolled
blood pressure, patients with resistant hypertension may experience longer-term
pressure overload compared to those with controlled hypertension. The severity and
duration of hypertension contribute to the development of hypertrophic remodeling (Hill
and Olson, 2008). Hence, it might be speculated that patients with resistant
hypertension are at a higher risk of adverse outcome.

Hypertensive heart disease generally results in concentric LV hypertrophy first, then it
affects myocardial contractility (Frohlich et al., 1992). In addition, subtle abnormalities
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in systolic function occur in hypertensive patients with concentric hypertrophy, it is
possible that these subtle abnormalities in systolic function may be related to adverse
outcome (Sadler et al., 1997). Numerous previous studies focused on myocardial
strain in resistant hypertension using echocardiology, demonstrating that speckle
tracking technique is a promising tool to evaluate early-stage LV dysfunction in patients
with hypertension (Alsharari et al., 2021).

Myocardial fibrosis is a common end point of many cellular and noncellular pathological
processes in hypertension (Kuruvilla et al., 2015). Recent studies reported the
incidence of focal myocardial fibrosis detected by LGE in hypertensive patients ranges
between 18% and 30% (lyer et al., 2022, Wang et al., 2017). Furthermore,
hypertensive patients with LV hypertrophy have greater difftuse myocardial fibrosis as
measured by ECV (Kuruvilla et al., 2015). CMR-derived measurement of myocardial
fibrosis and function is related in patients with hypertension (Pichler et al., 2020).
Utilizing the advantages of CMR for assessing myocardial function and tissue
characteristics, the analysis of the relationship between subtle functional alterations
and the degree of myocardial impairment in resistant hypertension would be a viable
research direction.

1.3.3 Platinum-related chemotherapeutic cardiotoxicity

Over the past three decades, significant advancements have been made in the
treatment outcomes of cancer patients due to a better understanding of cancer biology
and the development of more effective therapies. Despite the ability of current
oncologic therapies to promote long-term survival, many of these treatments have both
short- and long-term cardiotoxic effects. There has been a renewed focus on better
characterization of the underlying myocardial impairment (Harries et al., 2020).

Platinum-based chemotherapy is known to be highly effective in treating a variety of
cancers, with the cisplatin or carboplatin as the representative regimen. Cisplatin is the
most frequently used platinum-based chemotherapy, and carboplatin is used as an

alternative for its ototoxicity and nephrotoxicity. Nevertheless, it is important to note
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that platinum-based treatments can cause severe side effects due to their poor
selectivity (Oun et al., 2018).

Platinum-containing chemotherapy can cause acute cardiovascular injury and long-
term cardiotoxicities. Specifically, during the early phase of treatment, cisplatin can
induce acute endothelial dysfunction and increase the risk of cardiovascular
complications (Cameron et al., 2020), diastolic function decreases accompanied by an
unfavorable change in metabolic profile (van Schinkel et al., 2013). Subtle impairment
in systolic function is also detected by echocardiographic strain imaging (Altin et al.,
2015). In long-term survivors of testicular cancer treated with cisplatin-containing
chemotherapy, cardiac events increase (Meinardi et al., 2000), diastolic cardiac
function progressively deteriorates (Altena et al., 2011). Platinum-based chemotherapy
is associated with impaired RV function and LV diastolic function in female survivors
with germ cell cancer (Murbraech et al., 2015). A recent study also confirms the worse
diastolic function, but reports no signs of reduction in biventricular systolic function
(Bjerring et al., 2021). Further research is needed to clarify the long-term effects of
platinum-based chemotherapy on systolic function, as well as the extent of platinum-
induced impairment on myocardial tissue based on CMR quantification techniques.

In summary, this section briefly introduced the representative cardiac alterations
investigated in this thesis, including athlete’s heart, myocardial impairment of resistant
hypertension, and platinum-related cardiotoxicity. There are still some controversies
about the intrinsic mechanisms of the above cardiac alterations, lacking of adequate
quantitative analysis for myocardial deformation and tissue impairment. The combined
application of conventional and advanced CMR techniques can yield more clues. In
the following chapters, the different publications will demonstrate how we applied
multiparametric CMR imaging to assess cardiac function, myocardial deformation, and
tissue characterization in competitive triathletes, patients with resistant hypertension,
and long-term germ cell cancer survivors, who received platinum-based

chemotherapy.
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Abstract

Objectives Cardiac adaptation in endurance athletes is a well-known phenomenon, but the acute impact of strenuous exercise

is rarely reported on. The aim of this study was to analyze the alterations in biventricular and biatrial function in triathletes

after an endurance race using novel feature-tracking cardiac magnetic resonance (FT-CMR).

Methods Fifty consecutive triathletes (45 + 10 years; 80% men) and twenty-eight controls were prospectively recruited,

and underwent 1.5-T CMR. Biventricular and biatrial volumes, left ventricular ejection fraction (LVEF), FT-CMR analysis,

and late gadolinium imaging (LGE) were performed. Global systolic longitudinal (GLS), circumferential (GCS), and radial

strain (GRS) were assessed. CMR was performed at baseline and following an endurance race. High-sensitive troponin T

and NT-proBNP were determined. The time interval between race completion and CMR was 2.3 + 1.1 h (range 1-5 h).

Results Post-race troponin T (p <0.0001) and NT-proBNP (p <0.0001) were elevated. LVEF remained constant (62 +6 vs.

63 +7%, p=0.607). Post-race LV GLS decreased by tendency (— 18 +2 vs.— 17 +2%, p=0.054), whereas GCS (— 16 +4

vs.— 18 +4%, p<0.05) and GRS increased (39+ 11 vs. 44 £ 11%, p <0.01). Post-race right ventricular GLS (- 19 +3

vs.— 19+ 3%, p=0.668) remained constant and GCS increased (— 7 +2 vs.—8+3%, p<0.001). Post-race left atrial GLS

(308 vs. 24+6%, p<0.0001) decreased while right atrial GLS remained constant (25 +6 vs. 24 +6%, p=0.519).

Conclusions The different alterations of post-race biventricular and biatrial strain might constitute an intrinsic compensa-

tory mechanism following an acute bout of endurance exercise. The combined use of strain parameters may allow a better

characterization of ventricular and atrial function in endurance athletes.

Key Points

o Triathletes demonstrate a decrease of LV global longitudinal strain by tendency and constant RV global longitudinal
strain following an endurance race.

e Post-race LV and RV global circumferential and radial strains increase, possibly indicating a compensatory mechanism
after an acute endurance exercise bout.

o Subgroup analyses of male triathletes with focal myocardial fibrosis did not demonstrate alterations in biventricular and
biatrial strain after an endurance race.

Keywords Cardiac - Magnetic resonance imaging, Cine - Cardiac imaging techniques - Athletes
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Abbreviations

CMR Cardiovascular magnetic resonance

ECV Extracellular volume

EF Ejection fraction

FT-CMR Feature-tracking cardiac magnetic
resonance

Fw Free wall

GCS Global circumferential strain

GLS Global longitudinal strain

GRS Global radial strain

LA Left atrial

LGE Late gadolinium enhancement

LV Left ventricle

MOLLI Modified look-locker inversion recovery

NT-proBNP N-terminal pro-brain natriuretic peptide

RA Right atrial

RV Right ventricle

STE Speckle tracking echocardiography

Introduction

Numerous studies have reported on cardiac adaptations
in endurance athletes [1-3], yet standard parameters of
systolic function such as left ventricular ejection frac-
tion (LVEF) might not detect subtle functional alterations
of the athlete’s heart. Feature-tracking cardiac magnetic
resonance (FT-CMR) imaging is an advanced technique
for quantification of myocardial strain using conventional
cine images [4]. Myocardial strain is defined as the rela-
tive change in fiber length from end diastole and can be a
sensitive measure of myocardial deformation [5].

While normal values of ventricular and atrial strain in
endurance athletes at rest are largely undefined, echocar-
diographic and CMR studies report that prolonged endur-
ance training is associated with attenuated myocardial
strain compared with sedentary controls, whereas biven-
tricular ejection fractions are similar [6—10]. However,
the acute changes of myocardial strain in response to an
endurance race are less well studied. Previous echocardio-
graphic studies have described differences in myocardial
strain before and after a high-intensity exercise [11, 12].
Further, Christou et al showed that the absolute values of
both ventricular longitudinal strains decreased after a race,
but were still within normal range for the vast majority of
athletes [13].

We hypothesized that triathletes develop acute cardiac
alterations after an endurance race, which are directly or
indirectly reflected by changes in myocardial function and
increased cardiac biomarkers. The aim of this study was to
analyze the alterations in biventricular and biatrial function
in triathletes after an endurance race using novel FT-CMR.

@ Springer

Methods and materials
Triathletes and controls

The local ethics committee approved the study and all par-
ticipants gave written informed consent. Triathletes were
contacted through advertisements at triathlon clubs and
were included if a minimum of 10 h weekly training and
regular participation in official competitions in the last
3 years were given [14]. Control subjects were eligible with
a weekly exercise of less than 3 h [14]. Study exclusion
criteria were CMR contraindications, systemic disease, or
cardiovascular diseases. No intake of any cardiac or illicit
medication was reported [14]. Fifty consecutive male (80%;
age: 44 +9 years, range 18-61 years) and female triathletes
(age: 46 + 11 years, range 29—62 years) underwent baseline
and post-race CMR. Baseline CMR was acquired at least
30 days after the last race and subjects were instructed to
refrain from any exercise in the preceding 72 h [14]. The
interval between baseline and post-race CMR was more than
a month. Baseline and post-race CMR findings of this cohort
were partly reported previously and details are provided in
the Supplementary Material [14—16]. This study expands the
previous post-race cohort by nine male and eleven female
triathletes. Blood samples were drawn immediately before
each CMR from an antecubital vein in supine position for
5 min to obtain hematocrit, creatine kinase, high-sensitive
troponin T, and N-terminal pro-brain natriuretic peptide
(NT-proBNP) [14].

Post-race CMR

All triathletes successfully finished their endurance races
with a total cumulative race distance of 58 +62 km. Details
on the endurance races are provided in the Supplementary
Material. Post-race CMR was performed at 2.3+ 1.1 h
(range 1-5 h).

CMR protocol

Studies were performed on a 1.5-T Achieva scanner with
a 5-channel cardiac phased array receiver coil (Phillips,
Healthcare). ECG-triggered steady-state free-precession
(SSFP) cine sequences were acquired in short axis and 2-,
3-, and 4-chamber views. Native T1 mapping was performed
using a 5 s(3 s)3 s modified look-locker inversion recov-
ery (MOLLI) sequence on three short-axes slices [14]. A
gradient (echo planar imaging) and spin-echo multi-echo
sequence was applied to acquire native T2 mapping images
in three short-axis slices. Ten minutes after injection of
0.15 mmol/kg gadoterate meglumine (Dotarem®, Guerbet),



end-diastolic late gadolinium enhancement (LGE) images
were acquired using end-diastolic phase-sensitive inversion
recovery (PSIR) sequences in short-axis and 2-, 3-, and
4-chamber views. Additional details are given in the Sup-
plementary Material.

CMR data analysis

Two investigators (H.C. and M.W.) independently and
blindly analyzed each CMR in random order using a com-
mercially available software (CVi42, Circle Cardiovascular
Imaging Inc.). CMR parameters were indexed to the body
surface area (BSA). Additional details are provided in the
Supplementary Material.

Myocardial strain analysis

Myocardial strain was analyzed on cine images using
feature-tracking software (Segment, version 2.1.R.6108,
Medviso) as previously reported [15]. In short, this soft-
ware analyzes myocardial strain by computing interframe
deformation fields using an endocardial tracking strat-
egy based on non-rigid image registration. LV global
longitudinal strain (GLS) was measured on 3 long-axis
cine series using 2-, 3-, and 4-chamber views (Fig. 1a),
whereas LV global circumferential strain (GCS) and
radial strain (GRS) were measured on three short-axis
cine series (apical, midventricular, and basal) (Fig. 1b)
[17]. Long-axis 4-chamber and three short-axis series
were used to calculate RV GLS and GCS (Fig. 1c, d);
long-axis 4-chamber series were applied for RV free wall
(FW) GLS [17]. LA and RA endocardial contours were
manually delineated on end-diastolic images and propa-
gated throughout the cardiac cycle generating longitudi-
nal strain (Fig. 1c) [18].

Statistical analysis

Statistical analysis was performed with commercially avail-
able software (GraphPad Prism, version 9.00) and SPSS for
Windows (version 21.0, IBM SPSS Inc.). All CMR data
are given as the mean of two observers (H.C. and M.W.).
Continuous variables were checked for normality using the
D’Agostino-Pearson omnibus normality test. Normally dis-
tributed data are presented as mean + SD and categorical
data are presented as absolute numbers and percentage. Nor-
mally distributed data were compared using the unpaired or
paired Student’s #-test. If normal distribution was not given,
the Mann—Whitney or the Wilcoxon matched-pairs signed
rank tests were used. Categorical variables were compared

using the y? test or Fischer’s exact test as appropriate. Sta-
tistical significance was defined as p <0.05.

Results

Baseline characteristics of triathletes compared
to controls

There were no differences in age, sex distribution, body
surface area, blood biomarkers, and blood pressure (BP)
between controls and triathletes (Table 1). Triathletes
had a lower heart rate (p <0.0001), but LV cardiac index
(p=0.927), LVEF (p=0.766), and RVEF (p =0.606)
were similar. LV mass (p < 0.0001), ventricular, and atrial
volumes were higher in triathletes (Table 1). LV GLS
(»<0.05), GCS (p<0.01), and GRS (p <0.05) as well as
RV GLS (p <0.0001) and GCS (p <0.0001), RV FW GLS
(p<0.05), and RA GLS (p <0.0001) were lower in triath-
letes (Table 1). LA GLS (p =0.288) was similar between
triathletes and controls. Triathletes had a lower native T1
value (p <0.0001), but there were no differences in T2
and ECV values. Baseline CMR revealed LGE indicative
of focal myocardial fibrosis in 11 of 40 (28%) male triath-
letes, but in none of the male controls (p <0.01). None of
the female triathletes had LGE.

Post-race changes in all triathletes

Cardiac biomarkers increased in all triathletes including
troponin T, NT-proBNP, and creatine kinase MB (Table 1).
There was no correlation between troponin T and the race
distance (r= —0.06, p=0.69; Fig. 2a), but NT-proBNP
showed a positive correlation (r=0.41, p <0.01; Fig. 2b).
CMR revealed post-race volume decrease in all cardiac
chambers, whereas heart rate and cardiac index increased
(Table 1). LV (p=0.607) and RV ejection fractions
(p=0.552) remained constant.

For clarity, systolic GLS and GCS values are nega-
tive by convention; thus, fewer negative values indicate
decreased contractility. Systolic GRS on the other hand has
positive values. In this study, post-race LV GLS decreased
by tendency (— 18 +£2 vs. — 17 +2%, p=0.054), whereas
GCS (—16+4 vs.— 18 +4%, p<0.05) and GRS increased
(39+11vs.44+11%, p<0.01; Table 1, Fig. 3). Post-race
RV GLS (p =0.668) and FW GLS (p =0.309) remained
constant, RV GCS increased (—7+2 vs.—8+3%,
p<0.001; Table 1, Fig. 4), and LA GLS decreased (30+8
vs. 24 +6%, p<0.0001; Table 1, Fig. 5). Post-race RA
GLS (p=0.519), native T1 (p =0.486), and T2 (p =0.458)
were stable.
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Fig. 1 Depiction of LV endo-

and epicardial, and RV, LA,
and RA endocardial contours
to determine LV GLS (a); LV
GCS and GRS (b); RV, LA,
and RA GLS (c¢); as well as RV
GCS (d). Strain values were
generated by feature-tracking
CMR using the Segment
software, which automatically
propagates the manually drawn
contours through all cardiac
phases of the long- and short-
axis cardiac cine series

Post-race correlations between blood biomarkers
and myocardial strain

Post-race troponin T correlated with LV GLS (r=0.30,
p<0.05), LV GCS (r=0.37, p<0.01), and LV GRS
(r=-0.39, p<0.01), indicating decrease of myocardial
contractility with increasing post-race troponin T. There
were no correlations with LA GLS (r= —0.20, p=0.155),
RA GLS (r=0.10, p=0.506), T1 (r= —0.11, p=0.451),
and T2 (r= —0.26, p=0.069). Post-race NT-proBNP did
not correlate with any of the strain parameters.

@ Springer

Post-race changes of myocardial strain in male
triathletes

Post-race LV (p=0.476) and RV EF (p =0.499) were
unchanged. Post-race LV GLS decreased (— 17 +2
vs.— 16 +2%, p<0.05), whereas GCS (- 15+3
vs.—17+3%, p<0.01) and GRS increased (36 + 10 vs.
41 +9%, p<0.05; Table 2). Post-race RV GLS (p =0.724)
and FW GLS (p=0.331) remained constant and GCS
increased (—6+3 vs.—7+2%, p<0.001). LA GLS



Table 1 Demographics and CMR parameters of all triathletes at baseline compared to sedentary controls and post-race alterations in triathletes

Controls (n=28) Baseline Post-race p value
All triathletes (n=50) All triathletes (n=50)
Clinical parameters
Age, years 42+11 45+10 - -
Female, % 6(21) 10 (20) - -
Body surface area, m? 1.94+0.19 1.94+0.19 1.93+0.19 <0.01
Troponin T, pg/ml 5+3 6+4 5177 <0.0001
NT-proBNP, pg/ml 41+24 4573 116 £99 <0.0001
CK, U/ 182+179 188 + 145 478 +316 <0.0001
CK-MB, U/l 4+8 10+ 14 32+19 <0.0001
Systolic BP at rest, mmHg 121+15 126+ 15 - -
Diastolic BP at rest, mmHg 80+ 18 84+9 - -
CMR—Ieft heart
Heart rate, bpm 66+ 11 54+8* 68+ 10 <0.0001
LV cardiac index, I/min/m? 3.20+0.82 3.30+0.66 3.91+0.60 <0.0001
LVEF, % 63+8 62+6 63+7 0.607
LV mass index, g/m’ 65+11 78+11% 7812 0.499
LVEDVi, ml/m? 79+13 98 + 17+ 93+15 <0.001
LVESVi, ml/m> 30+10 3749 35+11 0.084
LVSVi, ml/m? 49+8 61+ 10 58+ 10 0.100
LAEDVi, ml/m? 13+4 20+ 8* 16+6 <0.01
LAESVi, ml/m? 33+7 47 +12% 37+10 <0.0001
CMR—right heart
RVEF, % 60+7 59+9 60+8 0.552
RVEDVi, ml/m? 80+ 14 101 +£19* 97+18 <0.05
RVESVi, ml/m? 32+10 41+ 147 40+ 14 0.065
RVSVi, ml/m? 48+7 60 + 10* 57+9 0.296
RAEDVi, ml/m? 19+5 28+ 10* 28+10 0.460
RAESVi, ml/ m? 36+7 52+ 14% 47+12 <0.01
CMR—strain
LV GLS, % -19+2 —18+2% —17+2 0.054
LV GCS, % -19+4 —16+4" —18+4 <0.05
LV GRS, % 45+11 39+ 11% 44+11 <0.01
RV GLS, % -22+3 —19+3* -19+3 0.668
RV GCS, % -10+3 —7+2¢ -8+3 <0.001
RV FW GLS, % -24+7 —21+6% —21+8 0.309
LA GLS, % 28+5 30+8 24+6 <0.0001
RA GLS, % 33+7 25+6* 24+6 0.519
CMR—mapping
Native T1, ms 1034 +32 987 +27* 990 +22 0.486
Native T2, ms 53+3 53+2 53+3 0.458
ECV, % 25.6+4.1 25.7+2.0 - -

Numbers are mean + SD for continuous and n (%) for categorical data
“p<0.05; 'p<0.01; or *p<0.0001 for all triathletes vs. controls
Baseline and post-race data were partly reported in previous publications as indicated in the “Methods and materials” section

Abbreviations: BP, blood pressure; EF, ejection fraction; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global
radial strain; LA, left atrial; LAEDVI, left atrial end-diastolic volume index; LAESVi, left atrial end-systolic volume index; LV, left ventricular;
LVEDVi, left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; RA, right atrial; RAEDVi, right atrial
end-diastolic volume index; RAESVi, right atrial end-systolic volume index; RV, right ventricular; RVEDVI, right ventricular end-diastolic vol-
ume index; RVESVi, right ventricular end-systolic volume index; RV FW, right ventricular free wall
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Fig.2 Correlation between troponin T (a) and NT-proBNP (b) and
the race cumulative distance

(28 £7 vs. 23 +5%, p<0.001) decreased. Post-race RA
GLS remained unchanged (p =0.266; Table 2).

Post-race changes of myocardial strain in female
triathletes

Post-race LV (p=0.864) and RV EF (p =0.909) were con-
stant. Post-race LV GLS (p=0.891), GCS (p=0.861),
and GRS (p=0.147) as well as RV GLS (p=0.790), GCS
(»p=0.651), FW GLS (p=0.744), and RA GLS (p=0.505)
remained unchanged (Table 3). Post-race LA GLS (377
vs. 31+5%, p<0.05) decreased (Table 3).

Post-race changes of myocardial strain in LGE + male
triathletes

Baseline CMR revealed non-ischemic myocardial fibrosis in
11 (28%) male triathletes. The LGE pattern was previously
reported in detail [14, 15]. Briefly, predominantly anterolat-
eral, inferolateral, and inferior segments of the basal LV wall
were LGE +, a distribution typical for myocarditis.
Post-race LV (p=0.999) and RV ejection fractions
(p=0.999) were unchanged in LGE + male triathletes.
Post-race LV GLS (= 17+2 vs.—17+2%, p=0.669),
GCS (—16+4 vs.—18+4%, p=0.219), and GRS (38+13
vs. 42+9%, p=0.267) as well as RV GLS (-20+4
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Fig.3 Changes of LV GLS, GCS, and GRS following an acute bout
of endurance exercise in male and female triathletes as assessed by
feature-tracking CMR

vs.— 18+ 7%, p=0.227), GCS (—8+3 vs.—7+4%,
p=0.616), FW GLS (—20+7 vs.—23+7%, p=0.356),
and RA GLS (23 +6 vs. 22+ 5%, p=0.585) all remained
unchanged (Table 4). LA GLS (25+6 vs. 23 +4%,
p=0.276) was constant after the endurance race (Table 4).
Strain values of LGE — male triathletes are detailed in Sup-
plemental Table 1.

Discussion

This prospective study analyzed biventricular and biatrial
myocardial strain changes in male and female triathletes
following an acute bout of endurance exercise. Further,
strain analysis in a subgroup of male triathletes with focal
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Fig.4 Changes of RV GLS and GCS and RV free wall GLS follow-
ing an acute bout of endurance exercise in male and female triathletes
as assessed by feature-tracking CMR

myocardial fibrosis (LGE +) was performed. The major
findings are as follows: (1) Left ventricular GLS was
slightly reduced, whereas GCS and GRS increased follow-
ing an endurance race; (2) Right ventricular GLS and free
wall longitudinal strain remained constant, whereas GCS
increased post-race; (3) Left atrial longitudinal strain was
decreased post-race, and right atrial longitudinal strain
remained constant; and (4) Male triathletes with focal
myocardial fibrosis (LGE +) had constant baseline and
post-race biventricular and biatrial strain parameters.
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Fig.5 Changes of LA and RA GLS following an acute bout of endur-
ance exercise in male and female triathletes as assessed by feature-
tracking CMR

Alterations in left ventricular strain
after an endurance race

Stewart et al observed in a recent study that LV GLS
decreased in 10 recreationally active men after a 90-min
high-intensity cycling exercise, but not after a 120-min
moderate-intensity cycling [8]. Vitiello et al reported that
LV GLS and GCS decreased in a cohort of 16 young men
following a 180-min strenuous cycling exercise, but not GRS
[19]. Further, Aengevaeren et al used CMR to investigate the
influence of a marathon run on myocardial injury and cardi-
omyocyte integrity in highly trained males, and reported that
LV GCS was attenuated post-marathon and did not recover
within 2 weeks [20]. In concordance with another recent
study by Cavigli et al [21], we also observed a post-race
tendency of LV GLS reduction in triathletes and constant
LVEF. Conversely, LV GCS and GRS were increased. There
might be several explanations for this discrepancy. First, the
acquisition time point of post-race CMR in our study was
2.3 h (range 1-5) and thus later than in the aforementioned
echocardiographic studies, which might have provided a
longer recovery period. Second, the duration and compo-
nents of exercise were different. Stewart et al and Vitiello
et al used a cycle ergometer in a strictly controlled in-door
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Table 2 Demographics and
CMR parameters of male
triathletes at baseline compared
to sedentary controls and post-
race alterations in triathletes

@ Springer

Controls Baseline Post-race p value
(n=22) Men (n=40) Men (n=40)
Clinical parameters
Age, years 40+12 44+9 - -
Body surface area, m” 2.00+0.14 2.01+0.14 2.00+0.14 <0.01
Troponin T, pg/ml 5+3 6+4 5075 <0.001
NT-proBNP, pg/ml 39+25 45479 121+ 108 <0.0001
CK, U/l 210+191 206+ 156 503 +289 <0.0001
CK-MB, U/l 5+8 11+15 33+18 <0.0001
Systolic BP at rest, mmHg 121+ 15 126+12 - -
Diastolic BP at rest, mmHg 84+11 84+9 - -
Age, years 40+12 44+9 - -
CMR—Ieft heart
Heart rate, bpm 66+12 54 +8! 68+10 <0.0001
LV cardiac index, 1/min/m? 3.31+0.89 3.29+0.64 3.93+0.58 <0.0001
LVEF, % 62+9 61+6 62+7 0.476
LV mass index, g/m? 68+8 80+ 10" 81+11 0.486
LVEDVi, ml/m? 82+ 12 102+ 16" 96+ 15 <0.001
LVESVi, ml/m> 32+10 39+9° 37+10 0.066
LVSVi, ml/m? 50+8 62+ 111 59+ 10 0.113
LAEDVi, ml/m? 13+4 20+9* 1746 <0.01
LAESVi, ml/m? 32+8 48 +13" 37+10 <0.0001
CMR—right heart
RVEF, % 59+7 58+9 59+38 0.499
RVEDVi, ml/m? 84+13 105+ 19" 100+ 19 0.051
RVESVi, ml/m? 34+10 45+ 147 42+14 <0.05
RVSVi, ml/m? 49+6 60+ 117 58+ 10 0.300
RAEDVi, ml/m? 20+5 30+ 107 29+11 0.633
RAESVi, ml/ m? 38+7 52+ 147 47412 <0.01
CMR—strain
LV GLS, % -18+2 -17+2 -16+2 <0.05
LV GCS, % —18+4 —15+3f —17+3 <0.01
LV GRS, % 44+11 36+107 4149 <0.05
RV GLS, % -22+3 —18+3* -18+3 0.724
RV GCS, % -10+3 —6+31! -T2 <0.001
RV FW GLS, % —23+7 -20+6 —21+8 0.331
LA GLS, % 28+5 28+7 23+5 <0.001
RA GLS, % 32+7 24451 23+6 0.266
CMR—mapping
Native T1, ms 1024 +30 983 + 28" 987 +20 0.512
Native T2, ms 52+4 53+3 53+3 0.854
ECV, % 249+3 249+1.5 - -

Numbers are mean + SD for continuous and n (%) for categorical data

“p<0.05; 7p<0.01; p <0.001; or "'p <0.0001 for male triathletes vs. controls

Baseline and post-race data were partly reported in previous publications as indicated in the “Methods and

materials” section

Abbreviations: BP, blood pressure; EF, ejection fraction; GCS, global circumferential strain; GLS, global
longitudinal strain; GRS, global radial strain; LA, left atrial; LAEDVi, left atrial end-diastolic volume index;
LAESVi, left atrial end-systolic volume index; LV, left ventricular; LVEDVI, left ventricular end-diastolic
volume index; LVESVi, left ventricular end-systolic volume index; RA, right atrial; RAEDVi, right atrial
end-diastolic volume index; RAESVi, right atrial end-systolic volume index; RV, right ventricular; RVEDVI,
right ventricular end-diastolic volume index; RVESVi, right ventricular end-systolic volume index; RV FW,

right ventricular free wall



Table 3 Demographics and
CMR parameters of female
triathletes at baseline compared
to sedentary controls and post-
race alterations in triathletes

Controls Baseline Post-race p value
(n=6) Women (n=10) Women (n=10)
Clinical parameters
Age, years 47+6 46+11 - -
Body surface area, m” 1.71+0.17 1.68+0.11 1.66+0.08 0.273
Troponin T, pg/ml 3+1 4+2 5687 0.089
NT-proBNP, pg/ml 517 45+40 97+41 <0.01
CK, U/ 69 +20 117 +£50 376 +411 0.085
CK-MB, U/l 3+2 3+7 27+21 <0.01
Systolic BP at rest, mmHg 123+17 128+23 - -
Diastolic BP at rest, mmHg 84+12 85+9 - -
Age, years 47+6 46+11 - -
CMR—Ileft heart
LVEF, % 67+6 67+4 67+8 0.864
Heart rate, bpm 65+8 56+ 8* 70+9 <0.01
LV cardiac index, I/min/m? 2.89+0.51 3.16+0.80 3.80+0.71 0.097
LV mass index, g/m? 53+8 67+9" 67+9 0.909
LVEDVi, ml/m? 68 +8 83+9" 81+9 0.340
LVESVi, ml/m? 2245 27 £4* 27+7 0.928
LVSVi, ml/m? 45+8 56+ 8% 54+9 0.647
LAEDVi, ml/m? 11+1 18 +6* 16+5 0.205
LAESVi, ml/m? 3545 42+10 39+38 0.212
CMR—right heart
RVEF, % 63+4 65+7 66+7 0.909
RVEDVi, ml/m’ 68+7 87412 85+9 0.523
RVESVi, ml/m? 25+4 30+7 30+9 0.796
RVSVi, ml/m? 43+6 57+ 11% 55+5 0.784
RAEDVi, ml/m? 16+ 25+ 7* 2347 0.415
RAESVi, ml/ m? 31+4 50+11 47+9 0.225
CMR—strain
LV GLS, % -21%1 —19+17 -19+2 0.891
LV GCS, % —-23+2 —-21+3 —-21+3 0.861
LV GRS, % 52+9 507 56+11 0.147
RV GLS, % —-23+2 —-20+4 -20+4 0.790
RV GCS, % —-10+1 -7+3 —-8+3 0.651
RV FW GLS, % —-27+7 —-22+6 —-23+8 0.744
LA GLS, % 30+5 37 7% 31+5 <0.05
RA GLS, % 38+7 30+6%* 31+3 0.505
LV GLS, % —21+1 -19+1° -19+2 0.891
CMR—mapping
Native T1, ms 1065+15 999 +20* 1001 £25 0.823
Native T2, ms 55+1 53+2 52+2 0.218
ECV, % 302+3.9 27.4+1.5 - -

Numbers are mean + SD for continuous and n (%) for categorical data
“p<0.05; 7p<0.01; or ¥p <0.0001 for female triathletes vs. controls

Baseline and post-race data were partly reported in previous publications as indicated in the “Methods and
materials” section

Abbreviations: BP, blood pressure; EF, ejection fraction; GCS, global circumferential strain; GLS, global
longitudinal strain; GRS, global radial strain; LA, left atrial; LAEDVi, left atrial end-diastolic volume index;
LAESVi, left atrial end-systolic volume index; LV, left ventricular; LVEDVI, left ventricular end-diastolic
volume index; LVESVi, left ventricular end-systolic volume index; RA, right atrial; RAEDVi, right atrial
end-diastolic volume index; RAESVi, right atrial end-systolic volume index; RV, right ventricular; RVEDVI,
right ventricular end-diastolic volume index; RVESVi, right ventricular end-systolic volume index; RV FW,
right ventricular free wall
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Table 4 Demographics and CMR parameters of LGE + triathletes at
baseline and post-race

Baseline Post-race p value
LGE+(n=11) LGE+(®n=11)
Clinical parameters
Body surface area, m? 1.97+0.16 1.95+0.15 <0.05
Troponin T, pg/ml 7+6 39+25 <0.01
NT-proBNP, pg/ml 83+ 144 174179 <0.05
CK, U/ 126 +48 388+210 <0.01
CK-MB, U/l 4+8 3021 <0.01
Systolic BP at rest, mmHg 128+ 16 - -
Diastolic BP at rest, 83+9 - -
mmHg
CMR—Ileft heart
Heart rate, bpm 55+10 65+9 <0.001
LV cardiac index, 1/min/ 3.39+0.76 3.92+0.52 <0.05
m2
LVEF, % 63+8 63+7 0.999
LV mass index, g/m* 877 87+8 0.638
LVEDVi, ml/m? 101+15 9717 0.187
LVESVi, ml/m* 37+9 37+11 0.999
LVSVi, ml/m? 62+12 61+12 0.710
LAEDVi, ml/m? 23+8 21+5 0.324
LAESVi, ml/m? 53+14 44+10 <0.05
CMR—right heart
RVEF, % 61+10 61+8 0.999
RVEDVi, ml/m? 106 +21 98 +20 0.083
RVESVi, ml/m? 42+14 38+12 0.327
RVSVi, ml/m? 65+ 14 60+11 0.194
RAEDVi, ml/m? 32+13 3111 0.393
RAESVi, ml/ m? 54417 52+15 0.377
CMR—strain
LV GLS, % —-17+2 —-17+2 0.669
LV GCS, % —-16+4 —18+4 0.219
LV GRS, % 38+13 42+9 0.267
RV GLS, % -20+4 —18+7 0.227
RV GCS, % —-8+3 —-7+4 0.616
RV FW GLS, % —-20+7 —-23+7 0.356
LA GLS, % 25+6 23+4 0.276
RA GLS, % 23+6 22+5 0.585
CMR—mapping
Native T1, ms 997 +37 993 +22 0.585
Native T2, ms 53+3 53+2 0.815
ECV, % 26322 - -

Numbers are mean + SD for continuous and n (%) for categorical data

Baseline and post-race data were partly reported in previous publica-
tions as indicated in the “Methods and materials” section

Abbreviations: BP, blood pressure; EF, ejection fraction; GCS, global
circumferential strain; GLS, global longitudinal strain; GRS, global
radial strain; LA, left atrial; LAEDVI, left atrial end-diastolic vol-
ume index; LAESVi, left atrial entad-systolic volume index; LV, left
ventricular; LVEDVi, left ventricular end-diastolic volume index;
LVESVi, left ventricular end-systolic volume index; RA, right atrial;
RAEDVI, right atrial end-diastolic volume index; RAESVI, right atrial
end-systolic volume index; RV, right ventricular; RVEDVI, right ven-
tricular end-diastolic volume index; RVESVi, right ventricular end-
systolic volume index; RV FW, right ventricular free wall
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environment [8, 19]. Further, a marathon is an utterly strenu-
ous and extended duration continuous exercise, while our tri-
athletes participated in open-air races with varied distances
and presumably less cardiac load. Third, strain parameters
are not only a measure of intrinsic myocardial contractility,
but are also influenced by cardiac load (i.e., end-systolic and
diastolic blood pressure, LV volume) and structure [22]. It is
worth noting that a recent study aimed to compare the accu-
racy and reproducibility of FT-CMR and speckle tracking
echocardiography (STE).

in endurance athletes [23]. The authors concluded that
biventricular longitudinal strain values were lower when
assessed by FT-CMR compared to STE and both methods
were statistically comparable and concordant when measur-
ing LV strain, but not RV strain [23]. Thus, while compar-
ing strain studies, the potential influence of different imag-
ing techniques needs to be considered. The increase in LV
GCS and GRS in the current study might be a compensatory
mechanism for the loss of longitudinal mechanical function,
as observed in early stages of progressive myocardial disease

[4].

Alterations in right ventricular strain
after an endurance race

A transient deterioration of RVEF and RV GLS in athletes
after an endurance race has been previously demonstrated
[3, 24]. However, a more recent study by Cavigli et al inves-
tigated the acute impact of an ultra-marathon on the RV and
could not identify any alterations in RV GLS [21]. Similar
to Cavigli et al, we observed that RV GLS and RV FW GLS
did not change between baseline and post-race [21]. Our
study adds to the current scientific knowledge demonstrat-
ing that RV GCS increases after an endurance race, again as
a possible intrinsic compensatory mechanism [4]. The RV
end-diastolic volume decreased post-race, possibly followed
by an adaptation of myocardial deformation to maintain
normal RVEF according to the Frank-Starling mechanism
[25]. There may also be alterations in RV strain during dif-
ferent phases of post-race recovery, and the recovery time
may depend on the duration and intensity of the endurance
exercise.

Reduced left atrial and constant right atrial strain
after an endurance race

The left atrium (LA) plays a crucial role in regulating LV
filling by functioning as a reservoir for pulmonary venous
return during ventricular systole and a booster pump
for strengthening ventricular filling during late diastole
[26]. D’Ascenzi et al reported in an echocardiographic
study that while the LA volume in elite soccer players is
increased compared to controls, LA GLS was similar [27].



The current study confirms these findings and extends
the knowledge on LA adaptation following an endurance
race demonstrating a volume decrease and attenuation in
GLS. Our findings are consistent with previous echocar-
diographic data showing a decrease in LA volume and a
reduction in peak atrial longitudinal strain post-exercise
[28]. Consistently, Oxborough et al found that the indices
of LA deformation and volume were reduced immedi-
ately post-race [29]. Even though immediate post-exercise
echocardiography data is mostly reported, cardiac recov-
ery might actually exceed 24 h [30]. The acquisition time
point of post-race CMR in the current study was within
5 h, and exercise-induced cardiac alterations might have
not fully subsided.

Further, we observed lower baseline RA strain in triath-
letes compared to controls. This finding is consistent with
a prior echocardiographic study by D’Ascenzi et al, which
implies that the reduction of RA GLS in athletes repre-
sents a physiological adaptation rather than an abnormal-
ity [31]. Athlete’s atria are at lower strain and larger vol-
umes facilitating a larger atrial stroke volume reserve [32].
Post-race RA GLS did not change in this study, which
is partially in line with the study by Sanz-de et al, who
investigated the exercise-dose-dependent impairment in
atrial function [33]. An exercise load of 14 km showed no
changes of post-race RA strain, but higher exercise loads
induced impairment in atrial contractile function [33].

Ventricular and atrial strain in LGE + male triathletes
at baseline and after an endurance race

It has been suggested that repetitive and sustained expo-
sure to high-intensity exercise might induce cardiac micro-
damage associated with development of myocardial fibro-
sis [34]. A notion that is supported by the high prevalence
of focal myocardial fibrosis in athletes detected by CMR
LGE imaging [3, 35]. A subgroup analysis of male triath-
letes with focal myocardial fibrosis (LGE +) showed no
differences at baseline and post-race regarding biventricu-
lar and biatrial strain parameters. Similarly, we previously
reported that three CMR-derived variables reflecting dias-
tolic function—early peak filling rate, atrial peak filling
rate (APFR), and peak filling rate ratio (PFRR)—remained
stable post-race in LGE + triathletes, whereas higher
APFR and reduced PFRR were observed in LGE — triath-
letes [16]. Further, we previously reported on increased
extracellular volume in the subgroup of LGE + triathletes,
which might be indicative of increased myocardial stift-
ness [14, 16]. Thus, a possible explanation for the miss-
ing alterations between baseline and post-race biventricu-
lar and LA strain in LGE + male triathletes might be an
increased myocardial stiffness.

Study limitations

Our study has several limitations. First, this study had a
relatively small sample size, which might increase the
potential of type I and II errors. Second, the subjects
enrolled in the present study were predominantly male
triathletes. Currently, most of our knowledge on race-
induced myocardial injury is also based on male athletes,
due to the paucity of data on female subjects. Further stud-
ies are needed to close this gap of knowledge. Third, the
study ruled out triathletes with pre-existing cardiovascular
and systemic diseases, limiting its generalizability. Finally,
compressed sensing might alternate strain values; subse-
quent studies should clarify whether strain values would
be dependent on sense factors.

Clinical implications

In this study, an endurance race led to acute alterations
of biventricular and LA strain, which might be one of the
mechanisms leading to an athletic cardiac remodeling.
Also, it can be assumed that chronic athletic activity might
be associated with an increased incidence of LGE, a poten-
tial substrate for cardiac arrhythmia. Subsequent studies
should longitudinally monitor the persistence of post-race
strain alterations and correlate with possible major adverse
cardiac events.

Conclusions

This prospective study analyzed the post-race changes in
biventricular and biatrial myocardial strain in competitive
male and female triathletes. Although there were no dif-
ferences between baseline and post-race LVEF and RVEF,
the alterations of biventricular and left atrial strain param-
eters might be a possible intrinsic compensatory mecha-
nism following an acute bout of endurance exercise rather
than myocardial dysfunction. Furthermore, there were
no alterations between baseline and post-race biventricu-
lar and biatrial strain parameters in male triathletes with
focal myocardial fibrosis (LGE +), which might be due to
increased myocardial stiffness. The combined use of strain
parameters may allow a better characterization of ventricu-
lar and atrial function at rest and post-exercise as well as
the cardiac adaptation mechanisms in endurance athletes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00330-021-08401-y.
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Study subjects or cohorts overlap CMR findings including baseline
exercise test parameters, ventricular volumes, T1 relaxation times, and
distribution of focal myocardial fibrosis visualized by late gadolinium
enhancement (LGE) imaging of male and female triathletes as well as
LV strain values of male triathletes were reported in two previous pub-
lications. A third follow-up publication on 30 male triathletes described
post-race ventricular and atrial volumes, diastolic LV filling patterns,
and T1/T?2 relaxation times.

The current study expands the number of triathletes by N=20. Apart
from N=10 additional male triathletes (one with focal myocardial fi-
brosis), the current study also includes N=10 female triathletes.

The current study focuses on the alterations of left ventricular, right
ventricular, and left atrial strain in male and female triathletes as well
as in athletes with focal myocardial fibrosis (LGE +) following an en-
durance race.

Methodology

® prospective

e observational

e performed at one institution
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bution 4.0 International License, which permits use, sharing, adapta-
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provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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Supplemental Table 1: Demographics and CMR parameters of LGE- triathletes at baseline
and post-race.

Baseline Post-race p value
LGE- (n=29) LGE- (n=29)

Clinical parameters
Body surface area, m? 2.03 £0.13 2.01 £0.13 <0.05
Troponin T, pg/ml 6 £3 54 187 <0.01
NT-proBNP, pg/ml 30 £21 100 58 <0.0001
CK, U/l 237 172 547 £305 <0.0001
CK-MB, Ul 14 £16 34 +17 <0.0001
Systolic BP at rest, mmHg 125 +11 - -
Diastolic BP at rest, mmHg 85 +9 - -
CMR - left heart
Heart rate, bpm 53 18 69 £10 <0.0001
LV cardiac index, I/min/m? 3.26 £0.59 3.94 £0.61 <0.0001
LVEF, % 60 5 617 0.434
LV mass index, g/m? 77 £10 78 +11 0.228
LVEDVi, ml/m? 102 £16 95 +15 <0.01
LVESVi, ml/m? 41 19 37 11 <0.05
LVSVi, ml/m? 61 10 58 +9 0.113
LAEDVi, ml/m? 19 19 15 6 <0.01
LAESVi, ml/m? 46 £12 34 9 <0.0001
CMR - right heart
RVEF, % 57 +8 58 +8 0.317
RVEDVi, ml/m? 104 £18 101 £19 0.302
RVESVi, ml/m? 46 £14 44 £14 0.072
RVSVi, ml/m? 58 +9 57 9 0.864
RAEDVi, ml/m? 28 9 28 £11 0.879
RAESVi, ml/ m? 51 +13 46 £11 <0.01
CMR - Strain
LV GLS, % -17 2 -16 +2 <0.05
LV GCS, % -15 43 -16 £3 <0.01
LV GRS, % 36 +8 41 +9 <0.05
RV GLS, % -19 43 -20 £5 0.562
RV GCS, % -7 2 -7 £3 0.068
RV FW, % -20 6 -20 8 0.644
LA GLS, % 29 +7 23 6 <0.001
RA GLS, % 24 +5 23 6 0.344
CMR - Mapping
Native T1, ms 978 +21 985 £19 0.229
Native T2, ms 53 £2 52 +4 0.394
ECV, % 24915 - -

Numbers are mean +SD for continuous and n (%) for categorical data.

Baseline and post-race data were partly reported in previous publications as indicated in the
materials and methods section.

Abbreviations: as in Table 1.



Supplementary Material

Previously reported data

The initial publication reported on 54 male and 29 female triathletes and included
baseline exercise test parameters, ventricular volumes, T1 relaxation times, and
incidence and distribution of focal LV myocardial fibrosis visualized by late gadolinium
enhancement (LGE) imaging [1]. Nine of the male triathletes (17%) had focal
myocardial fibrosis (LGE+) [1]. A follow-up publication reported on an expanded cohort
of 78 male triathletes (19% LGE+), and the impact of focal myocardial fibrosis on global
and segmental left ventricular strain [2]. A third publication focused on post-race
changes in CMR parameters including ventricular and atrial volumes, diastolic LV filling
patterns and T1/T2 relaxation times in thirty male triathletes only (ten LGE+) [3]. The
current publication expands the post-race cohort by nine male and eleven female
triathletes, including eleven LGE+ male triathletes, and focuses on post-race changes
of biventricular and biatrial myocardial strain generated with the novel feature-tracking
CMR technique.

Methods and Materials

Endurance race details

23 triathletes completed an Olympic distance triathlon (1.5 km swimming, 40 km
cycling and 10 km running) for a cumulative time of 2.5+0.3 hours. 8 triathletes
completed a marathon (42.195 km) for a cumulative time of 3.7+£0.8 hours. 7 triathletes
completed a sprint distance triathlon (0.5 km swimming, 20 km cycling and 5 km
running) for a cumulative time of 1.3+0.2 hours. 4 triathletes completed a running
competition (20.1+7.8 km) for a cumulative time of 1.7+0.8 hours. 3 triathletes
completed a cycling competition (252+142 km) for a cumulative time of 9.3 £5.5 hours.
2 triathletes completed a middle triathlon distance (2 km swimming, 80 km cycling and
20 km running) for a cumulative time of 4.7+0.1 hours. 2 triathletes completed a half
marathon (21.098 km) for a cumulative time of 1.98+0.04 hours. 1 triathlete completed
a duathlon (145 km cycling and 14 km running) for a cumulative time of 4.7+0.1 hours.
There were no differences between the subgroups of LGE-, LGE+ and female
triathletes regarding cumulative race distance (P=0.201), swimming distance
(P=0.276), cycling distance (P=0.292), running distance (P=0.406) and race
completion times (P=0.246).



CMR protocol
CMR was performed using a 1.5 T MR scanner equipped with a phased array surface

receive coil (Achieva, Philips Healthcare).

Cine CMR — steady-state free-precession sequence

The CMR protocol included standard steady-state free-precession cine CMR in short
axis for LV and right ventricle (RV) volumetry and LV mass with the following typical
imaging parameters: acquired voxel size (AVS) 1.98 x 1.80 x 6 mm?, reconstructed
voxel size (RVS) 1.36 x 1.36 x 6 mm?3, gap 4 mm, 9-10 slices for full LV coverage, echo
time = 1.67 ms, time to repetition = 3.34 ms, flip angle = 60°, sense factor, 2.0; 25

phases per RR interval.

T1 Mapping — MOLLI sequence

T1 mapping was performed using a Modified Look Locker Inversion Recovery (MOLLI)
sequence with a 5s(3s)3s scheme on three short-axes slices (apical, mid and basal)
before and 15 minutes after contrast-media administration as described before [1].
Typical imaging parameters were as follows: 1.97 x 2.00 x 10 mm?3, RVS 1.17 x 1.17 x
10 mm3, 3 slices, echo time = 1.59 ms, time to repetition = 3.17 ms, flip angle = 35°,
SENSE factor = 2, linear phase encoding, ten start-up cycles to approach steady-state
prior to imaging, effective inversion times between 188 and 3382 ms.

T2-mapping — GraSE sequence

T2-mapping was performed before administration of contrast-media on identical three
end-diastolic LV short-axes, corresponding to the MOLLI slices using a gradient- (echo
planar imaging) and spin-echo multi-echo sequence (GraSE) in three short-axis
sections [4]. Typical imaging parameters of the GraSE sequence were: Voxel size 1.05
x 1.05 x 10 mm3, 3 slices, nine echoes with effective echo times between 12.5 and
62.4 ms, time to repetition = 800 ms (1 RR interval), one breath-hold per slice.

LGE imaging — phase-sensitive inversion recovery — PSIR sequence

Ten minutes after bolus injection of 0.2 mmol/kg gadoter acid (Dotarem®, Guerbet,
Sulzbach, Germany) at a rate of 2.5 ml/s end-diastolic LGE images were acquired
using end-diastolic phase-sensitive inversion recovery (PSIR) sequences: AVS 1.59 x
1.71 x 8 mm3, RVS 0.97 x 0.98 x 8 mm?, gap 2 mm, 9-10 slices, echo time = 2.40 ms,



time to repetition = 5.50 ms, flip angle = 15°. The optimal inversion delay was obtained
from a Look-Locker experiment. LGE images were acquired in short-axis orientation

covering the entire heart and in two-, three- and four-chamber views.

CMR data analysis

Two investigators (H.C. and M.W. with 3 and 4 years of experience in CMR,
respectively) independently and blindly analyzed each CMR using a commercially
available software (CVi42, Circle Cardiovascular Imaging Inc.). CMR parameters were
indexed to the calculated body surface area (BSA) and are given as the mean of the
two observers. Evaluation of LV and RV volumes and LV mass was performed in
standard fashion on the short-axis cine stack [5]. The epicardial and endocardial
borders of the myocardium were manually traced on end-diastolic and end-systolic
images at each anatomic level encompassing the entire heart from apex to base.
Trabeculae and papillary muscles were included in the ventricular volumes and
excluded from the myocardial mass for reproducibility [6]. LV mass was calculated by
multiplying the myocardial volume by the specific weight of cardiac muscle (1.05
mg/mL) [5]. Left (LA) and right atrial (RA) volumes and were quantified using the
biplane area-length method, excluding pulmonary veins and atrial appendage [7].
Presence of LGE was analyzed visually [5]. Native T1, post-contrast T1 and ECV maps
were generated using a dedicated plug-in written for the OsiriX™ software [8]. Native
T1, post contrast T1 and ECV were obtained by averaging measures from basal and
midventricular short-axis slices to yield final measurements [9]. Meticulous care was
taken not to include the blood volume into the measurements to avoid partial volume
effects [9]. Areas of focal LGE were excluded from T1 and ECV measurements to
evaluate these parameters unbiased from presence of LGE. ECV was calculated using
the previously established equation [10-13].

ECV = [1-hematocrit]*[ AR1]myocardium/ [ AR ]bi00d poor

In this equation, R1 is defined as 1/T1 and A as the difference between pre- and late
post-contrast R1 values [10-13]. Hematocrit was measured from a venous blood
sample taken on the same day of CMR scan.
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ARTICLE INFO ABSTRACT

Keywords: Purpose: To investigate the influence of myocardial fibrosis on left ventricular (LV) diastolic filling patterns in

Cardiac magnetic resonance triathletes compared to sedentary controls by cardiac magnetic resonance (CMR) imaging.

[C\Fhletes Method: 101 male triathletes (43 £ 11 years) and 28 controls (41 + 10 years) were recruited and underwent 1.5
e

T CMR including cine SSFP series, late gadolinium enhancement (LGE) imaging and T1 mapping. Functional and
morphological parameters were obtained, and CMR-based LV diastolic filling parameters such as the early peak-
filling rate (EPFR), atrial peak-filling rate (APFR) and peak-filling rate ratio (PFRR = EPFR/APFR) were deter-
mined by time-volume analysis of the cine series.

Results: Non-ischemic LGE was detected in 20 triathletes (20 %) and in none of the controls. Compared to
controls LGE-negative (LGE-) triathletes showed similar EPFR (216 + 58 ml/s/m? vs 224 + 69 ml/s/mz, P =
0.52) but lower APFR (120 + 46 ml/s/m? vs 147 £ 55 ml/s/mz, P < 0.05), resulting in higher PFRR (2.1 £+ 1 vs
1.6 + 0.5, P < 0.01). LGE-positive (LGE + ) triathletes had similar EPFR (212 + 73 ml/s/mz, P = 0.798), but
higher APFR (149 + 50 ml/s/mz, P < 0.05) and decreased PFRR (1.6 + 0.7, P < 0.05) compared to LGE- tri-
athletes. LGE + triathletes had increased LV mass index (88 + 10 g/m? vs 80 + 12 g/m% P < 0.01) and
extracellular volume (ECV) fraction (26.2 + 2.7 % vs 24.4 &+ 1.7 %, P < 0.001) compared to LGE- triathletes.
Conclusions: Athletic activity leads to “supernormal” LV diastolic filling pattern in LGE- triathletes, which may be
attributable to increased LV myocardial flexibility and elasticity. However, LGE + triathletes demonstrate a
pseudo-normalization characterized by compensatory increase of atrial contraction. Possibly, due to reduced
passive elasticity associated myocardial fibrosis.

Diastolic function

1. Introduction well-known physiologic phenomenon [1-3]. However, there is a high
incidence of myocardial fibrosis in endurance athletes compared to the
Cardiac adaptation in athletes induced by endurance exercise is a sedentary general population [2,4,5]. Cardiac magnetic resonance
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(CMR) can facilitate the evaluation of focal myocardial fibrosis by late
gadolinium enhancement (LGE) imaging [6-8], diffuse myocardial
fibrosis by T1 mapping and calculation of myocardial extracellular
volume (ECV) fraction [9], and diastolic LV filling patterns [10]. How-
ever, there is lack of data on the influence of myocardial fibrosis in
endurance athletes on the LV diastolic filling pattern by CMR.

The effect of endurance exercise on LV diastolic function among
athletes of diverse ages has been evaluated in several studies to date
primarily using Doppler echocardiography [3,11,12]. The ratio of LV
early diastolic peak filling velocity to peak velocity during atrial
contraction (E/A ratio) has been assessed and increase is well docu-
mented in endurance athletes, whereas no increase was seen in power
athletes and controls [12,13]. The equivalent of the echocardiographic
E/A ratio can also be determined by CMR imaging [10].

The aim of the current study was to evaluate LV diastolic functional
parameters using CMR in a large cohort of triathletes compared to
sedentary controls and to investigate the effect of myocardial fibrosis on
LV diastolic filling patterns.

2. Material and methods
2.1. Study population

The local ethics committee (chamber of medical practitioners,
PV4764) approved the study, and a written informed consent was pro-
vided by all subjects. The declaration of consent to participate in the
study was signed by all subjects. A total of 101 male triathletes (43 + 11
years, range 18-66 years) and 28 controls (41 + 10 years, range 20-61
years) were recruited from 2014 to 2019. All triathletes were contacted
through advertisement in local triathlon clubs. Inclusion criteria were
endurance training for a minimum of 10 h per week and participation in
competitions in the last 3 years. Control subjects were eligible, if they
engaged in<3 h of exercise per week [14]. Study exclusion criteria were
contraindications for CMR, systemic diseases or cardiovascular diseases.
Participants were instructed to refrain from any exercise and alcohol
consumption in the preceding 72 h. Any food and caffeine intake were
restricted in the preceding 3 h before CMR scan [14].

The study population partly consisted of individuals who have been
evaluated in previously published studies, which focused on incidence of
LGE in triathletes in correlation to exercise-induced hypertension and
competition history [14], impact of myocardial fibrosis on left ventric-
ular strain [15], post-race changes in cardiac volumes, diastolic LV
filling patterns and T1/T2 relaxation times [16] and the acute impact of
an endurance race on myocardial strain of triathletes [17]. The current
publication expands the initial cohort by 47 triathletes and focuses on
diastolic LV filling patterns at rest derived by CMR. Performance test
was conducted on an ergometer (Ergoselect 100, Ergoline GmbH, Bitz,
Germany) using a ramp protocol to determine maximal oxygen uptake
(VO2max) and ventilatory thresholds. Blood samples were drawn
immediately before each CMR from an antecubital vein in supine posi-
tion for 5 min to obtain hematocrit, high-sensitive troponin T, and N-
terminal pro-brain natriuretic peptide (NT-proBNP) as our previously
reported [14].

2.2. CMR protocol

CMR was performed on a 1.5 T scanner equipped with a 5-channel
cardiac phased array receiver coil (Achieva, Phillips Healthcare, Best,
the Netherlands). The CMR protocol included standard ECG-triggered
steady-state free-precession (SSFP) cine sequence (25 phases of the
cardiac cycle) in short axis for volumetry of the LV and RV, and
myocardial mass measurement with the following typical imaging pa-
rameters: acquired voxel size 1.98x1.80x6 mm?>, reconstructed voxel
size 1.36x1.36x6 mm?>, gap 4 mm, 9-10 slices for full LV coverage, echo
time = 1.67 ms, time to repetition = 3.34 ms, flip angle = 60°, parallel
acquisition technique = SENSE (factor 2). 10 min after a bolus injection
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of 0.2 mmol/kg gadoteric acid (Dotarem®, Guerbet, Sulzbach, Ger-
many) at a rate of 2.5 ml/s end-diastolic LGE images were acquired
using an end-diastolic phase-sensitive inversion recovery (PSIR) se-
quences in short-axis orientation covering the entire heart and in 2-, 3-
and 4-chamber views. Native and contrast T1 mapping were performed
applying a modified look locker inversion recovery (MOLLI) sequence
with a 5 s(3 s)3s scheme on three short-axis slices before and 15 min
after administration of contrast medium [14].

2.3. CMR data analysis

Two radiologists (H.C. and E.T. with 3 and 9 years of CMR experi-
ence) blindly and independently postprocessed CMR images utilizing
CVi42 software (Circle Cardiovascular Imaging Inc., Calgary, Alberta,
Canada). CMR parameters are given as the average of the 2 investigators
and are indexed to body surface area (BSA). Evaluation of LV and RV
volumes and LV mass was performed on short-axis cine images ac-
cording to the 2020 SCMR recommendations [18]. Left (LA) and right
atrial (RA) volumes and EF were based on the biplane area-length
method [19], measurements excluded pulmonary veins and atrial
appendage.

Focal myocardial fibrosis (LGE + ) was quantified on short-axis LGE
images using a thresholding method with a signal intensity (SI) > 5
standard deviations (SDs) above the mean value of remote normal
myocardium [18]. Areas of positive LGE were excluded from myocardial
T1 values and ECV measurements. ECV fraction was calculated using the
previously established equation [9,18]. LV filling patterns were
analyzed with a dedicated software (CMRtools®, Cardiovascular Imag-
ing Solutions 1td, Cambs, UK) [10,16]. In brief, LV 3D volumetry was
performed by delineation of the LV endocardial borders in end-diastolic,
end-systolic, and mid-diastolic short-axis views (Fig. 1). Trabeculae and
papillary muscles were excluded from the LV cavity for precise and
standardized analysis of time-volume curve derived LV diastolic func-
tion [20]. Thus, the construction of time-volume curves of selected or
all-time frames of the cardiac cycle is possible. The temporal LV volume/
time (V/t) curve is acquired plotting the cavity volumes over time
(Fig. 2). The differential temporal volume/time (dV/dt) curve is char-
acterized by two diastolic peaks including the early peak-filling rate
(EPFR) and the atrial peak-filling rate (APFR) (Fig. 2), which demon-
strate a strong correlation with the echocardiographic trans-mitral early
(E) and atrial (A) peak filling velocities respectively [21]. Additionally,
the peak filling rate ratio (PFRR = EPFR/APFR) was determined, which
is the equivalent of the echocardiographic E/A ratio [21]. EPFR and
APFR reflect the maximum speed of early active LV filling and the
maximum speed of late passive LV filling secondary to atrial contraction
[22].

2.4. Statistical analysis

Statistical analyses were performed with SPSS (IBM SPSS Statistics,
version 28.0, Armonk, NY, USA) and GraphPad software (GraphPad
Prism, version 8, San Diego, CA, USA). All continuous data were checked
for normality using the D’Agostino-Pearson omnibus normality test.
Normally distributed variables are presented as the mean =+ SD.
Continuous data were compared using the independent samples t-test or
Wilcoxon signed rank-test as appropriate. Categorical data are presented
as absolute numbers and percentage and were compared using Chi2 test
or Fischer’s exact test as appropriate. Statistical significance was defined
as P < 0.05.

3. Results
3.1. Demographics and CMR characteristics of triathletes and controls

There were no differences between triathletes and controls regarding
age (P = 0.343), BSA (P = 0.917), Troponin T (P = 0.201), and NT-
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Fig. 1. 3D volumetry of the left ventricle illustrating the endocardial borders (orange line) during diastole (a) and systole (b). Endocardial borders were assessed for
all slices and all cardiac phases in end-systolic, end-diastolic, and mid-diastolic short-axis views and a 3D wire model of the left ventricle was developed by dedicated

software (c).

proBNP (P = 0.866) (Table 1). Exercise testing demonstrated higher
peak systolic blood pressure (BP) (201 + 29 mmHg vs 176 + 25 mmHg,
P < 0.001), VO2max (53 £ 11 ml/kg/min vs 39 + 7 ml/kg/min, P <
0.0001) and maximal power (405 + 105 W vs 233 + 46 W, P < 0.0001)
in triathletes. Resting heart rate (HR) was lower in triathletes compared
to controls (52 + 9 bpm vs 66 + 11 bpm, P < 0.0001). No differences
were observed in systolic (P = 0.172) and diastolic BP at rest (P =
0.690), peak diastolic BP (P = 0.099) and peak HR (P = 0.989). LV CMR
parameters revealed no significant differences in cardiac index (P =
0.293) and LVEF (P = 0.360) between triathletes and controls. LV mass
index was higher (82 + 12 g/m? vs 65 + 9 g/m% P < 0.0001) and
biventricular volumes were increased in triathletes compared to controls
(Table 1). Triathletes had elevated atrial volumes, but LAEF (P = 0.179)
and RAEF (P = 0.233) were similar (Table 1). Tissue characteristics
showed that myocardial native T1 (983 + 27 ms vs 1021 £+ 31 ms, P <
0.0001) was decreased in triathletes compared to controls, but ECV
fraction was similar (24.8 &+ 2.1 % vs 23.9 & 2.7 %, P = 0.109).

CMR-based LV diastolic filling analysis showed that early peak-filling
rate was similar between triathletes and controls (215 + 61 ml/s/m? vs
224 + 69 ml/s/m?, P = 0.484). Triathletes had a lower atrial peak-filling
rate compared to controls (125 + 48 ml/s/m?vs 147 £ 55 ml/s/mz, P<
0.05), whereas peak-filling rate ratio was higher (1.97 + 0.99 vs 1.63 +
0.49, P < 0.05) (Table 1).

3.2. Prevalence and pattern of LGE in triathletes

Non-ischemic LGE was detected in 20 of the 101 triathletes (20 %),
but in none of the controls. The LGE pattern was previously reported in
detail [14,15]. LGE + areas were predominantly located in antero-
lateral, inferolateral, and inferior segments of the basal left ventricular
wall, in accordance with a distribution typical for myocarditis and LGE
volume was 3.6 + 2.4 % of the LV.

3.3. CMR characteristics of LGE- and LGE + triathletes

LGE + triathletes were older compared to LGE- triathletes (49 + 8
years vs 42 + 11 years, P < 0.01). BSA (P = 0.958), hsTnT (P = 0.661)
and NT-proBNP (P = 0.057) were similar between both groups (Table 2).
On exercise testing peak systolic BP was higher in LGE + triathletes
compared to LGE- triathletes (218 + 24 mmHg vs 196 4+ 29 mmHg, P <
0.01). No differences were found in VOgpax (54 £+ 11 ml/kg/min vs 51
+ 9 ml/kg/min, P = 0.338) and maximal power (414 + 108 W vs 367 +
82 W, P =0.08; Table 2) between groups. LGE -+ triathletes had a higher
LV mass index (88 + 10 g/m? vs 80 + 12 g/m?, P < 0.01). No significant
differences were found between LGE + and LGE- triathletes regarding
ventricular and atrial functional and volume analyses. However, a sig-
nificant decline in LAEF in LGE + triathletes was not evident in LGE-
triathletes compared to controls, LA volume in LGE + triathletes was
markedly increased compared to controls as well. Further, LGE + tri-
athletes had increased myocardial native T1 (997 + 40 ms vs 979 + 21
ms, P < 0.01) and ECV fraction (26.2 + 2.7 % vs 24.4 + 1.7 %, P <
0.001) compared to LGE- triathletes (Table 2).

CMR-based LV diastolic filling analysis showed that LGE + and LGE-
triathletes had a similar early peak-filling rate (212 + 73 ml/s/m? vs
216 + 58 ml/s/m?, P = 0.798). However, atrial peak-filling rate (149 +
50 ml/s/m? vs 120 + 46 ml/s/m%, P < 0.05) was higher and resulting
peak-filling rate ratio (1.56 + 0.67 vs 2.07 + 1.03, P < 0.05) was lower
in LGE + triathletes. LGE- triathletes had similar early peak-filling rate
(P = 0.520) as controls, whereas atrial peak-filling rate (120 + 46 ml/s/
m? vs 147 + 55 ml/s/m?, P < 0.05) was lower and peak-filling rate ratio
(2.07 £+ 1.03 vs 1.63 £ 0.49, P < 0.01) higher. LGE + triathletes had
similar early peak-filling rate (P = 0.547), atrial peak-filling rate (P =
0.914) and peak-filling rate ratio (P = 0.703) compared to controls
(Table 2). The comparisons for CMR-based diastolic filling parameters
are presented in Fig. 3.
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Fig. 2. The temporal volume/time (V/t) curve
(dashed line) and differential temporal volume/time
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4. Discussion

This prospective, observational study investigated the CMR-based LV
diastolic filling patterns in male triathletes, and the influence of focal
and diffuse myocardial fibrosis assessed by LGE and T1 mapping. The
principal findings are as follows: (1) 20 % of male triathletes had focal
myocardial fibrosis (LGE + ), and demonstrated significantly increased
LV mass and ECV fraction compared to LGE- triathletes; (2) LV diastolic
filling pattern in LGE- triathletes was characterized by decreased atrial
peak-filling rate and resulting increased peak-filling rate ratio compared
to sedentary controls; (3) LGE + triathletes however demonstrated a LV
diastolic filling pattern different to LGE- triathletes and similar to
sedentary controls, which was characterized by increased atrial
contraction rates and consequently decreased peak-filling rate ratio.
Thus, we presume that focal and diffuse myocardial fibrosis in endur-
ance athletes have influences on LV diastolic function and may lead to a
“pseudo-normalization™ possibly associated with reduced passive elas-
ticity of the hypertrophied left ventricle.

4.1. LGE in triathletes

Increased prevalence of myocardial fibrosis detected by CMR-LGE in
highly trained endurance athletes has been reported in several studies
[6,8,23]. Focal myocardial fibrosis (LGE + ) was observed in 20 % of
triathletes and none of controls in the current study, the incidence of
LGE + is in concordance with the previous literature reporting 0 % to 50
% of asymptomatic athletes [6-8,23,24]. Domenech-Ximenos et al.

investigated 93 highly trained triathletes and demonstrated that 35
triathletes (37.6 %) had LGE, and LGE was more prevalent in athletes
than in controls [6]. A study by Bohm et al. revealed that LGE was only
detected in one of 33 athletes (3 %), the authors claimed that long-term
intensive endurance training seems not to be associated with myocardial
fibrosis [8]. Wilson et al. reported LGE in 6 (50 %) of a small cohort of
veteran endurance athletes [23], while LGE was not identified in 13
female professional handball players in another study by Kramer et al.
[24]. Overall, there is a wide discrepancy regarding the prevalence of
LGE in endurance athletes. Different age and gender populations,
training load and duration might explain the heterogeneity of cohorts
and LGE incidence.

Regarding the pattern of LGE, in our study the areas of positive LGE
were predominantly located in anterolateral, inferolateral, and inferior
segments of the basal LV wall, which correspond to typical non-ischemic
LGE pattern. In addition, the LGE pattern in the present study was
similar to the findings reported by Wilson et al., the areas of focal
myocardial fibrosis exhibited a non-coronary pattern [23], while
Domenech-Ximenos et al. observed LGE areas confined to the inferior
interventricular septum [6].

4.2. Adaptations in LV diastolic function in LGE- triathletes
(“supernormal” LV diastolic filling pattern)

Earlier publications provide evidence of a “supernormal” LV dia-
stolic function in endurance athletes compared to sedentary subjects
from the general population [25-27]. A “supernormal” LV diastolic
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Table 1
Demographic and CMR parameters of triathletes and controls.
Controls Male triathletes (n = P value
(n =28) 101)
Clinical parameters
Age, years 41 +£10 43 +£11 0.343
BSA, m® 1.99 + 1.99 +0.13 0.917
0.15
Troponin T, pg/ml 4+3 6+7 0.201
NT-proBNP, pg/ml 36 + 24 38 +£54 0.866
Exercise testing
Systolic BP at rest, mmHg 122 + 16 128 + 17 0.172
Diastolic BP at rest, nmHg 84 +12 83+10 0.690
Peak systolic BP, mmHg 176 + 25 201 £+ 29 <0.001
Peak diastolic BP, mmHg 85 + 23 94 + 21 0.099
HR at rest, bpm 66 + 11 52+9 <0.0001
Peak HR, bpm 170 £ 15 170 +£ 13 0.989
VO2max, ml/kg/min 39+7 53+11 <0.0001
Maximal power, W 233 £ 46 405 + 105 <0.0001
CMR - left heart
Cardiac index, 1/min/m? 3.40 + 3.23 + 0.68 0.293
0.84
LVEF, % 62+ 7 61 +6 0.360
LVEDVi, ml/m? 82 +13 100 + 13 <0.0001
LVESVi, ml/m? 31+9 39+9 <0.0001
LVSVi, ml/m? 50+ 8 60 +9 <0.0001
LV mass index, g/m? 65+9 82+ 12 <0.0001
LAEF, % 62+8 59+9 0.179
LAEDVi, ml/m? 14+ 4 19+8 <0.01
LAESVi, ml/m? 36+9 46 £ 12 <0.001
Native T1, ms 1021 + 31 983 + 27 <0.0001
ECV, % 239+ 27 248 +£2.1 0.109
CMR - right heart
RVEF, % 60 + 6 57 +7 <0.05
RVEDVi, ml/m? 84 + 14 105 + 17 <0.0001
RVESVi, ml/m? 34+9 45+ 11 <0.0001
RVSVi, ml/m? 50+ 8 60 + 11 <0.0001
RAEF, % 47 £10 45 +11 0.233
RAEDVi, ml/m? 22+6 31+11 <0.001
RAESVi, ml/ m? 44 + 11 56 + 14 <0.0001
LV diastolic filling
parameters
Early peak-filling rate, ml/s/ 224 + 69 215 £ 61 0.484
mZ
Atrial peak-filling rate, ml/s/ 147 + 55 125 + 48 <0.05
m2
Peak-filling rate ratio 1.63 + 1.97 + 0.99 <0.05
0.49

Numbers are presented as mean + SD for continuous data and n (%) for cate-
gorical data.

Some of the data was partly reported in previous publications as indicated in the
materials and methods section.

Abbreviations: BP, blood pressure; BSA, body surface area; CMR, cardiovas-
cular magnetic resonance; ECV, extracellular volume; EF, ejection fraction; HR,
heart rate; LA, left atrial; LAEDVI, left atrial end-diastolic volume index; LAESVi,
left atrial end-systolic volume index; LGE, Late gadolinium enhancement; LV,
left ventricular; LVEDVi, left ventricular end-diastolic volume index; LVESVi,
left ventricular end-systolic volume index; LVSVi, ventricular stroke volume
index; NT-proBNP, N-terminal pro-brain natriuretic peptide; RA, right atrial;
RAEDVi, right atrial end-diastolic volume index; RAESVi, right atrial end-
systolic volume index; RV, right ventricular; RVEDVIi, right ventricular end-
diastolic volume index; RVESVi, right ventricular end-systolic volume index;
VO2max, maximal oxygen uptake.

function in triathletes training for the Hawaii Ironman Triathlon was
described by Douglas in 1989 as an increased ratio of echocardiographic
rapid to atrial LV filling velocities [28]. D’Ascenzi et al. reported an
increased peak E and lower peak A velocity in soccer players resulting in
higher E/A ratio, which can be interpreted as an improvement in
myocardial passive diastolic properties [25]. Claessens et al. also studied
triathletes and observed a “supernormal” diastolic ventricular filling
with a significantly increased E/A ratio [26]. Similarly, an echocardio-
graphic study by Szabo et al. detected a high E/A ratio in adolescent
athletes compared to non-athletes caused by significantly lower A

Table 2
Demographic and CMR parameters in LGE + and LGE- triathletes.
Controls LGE- LGE + P value
(n = 28) triathletes triathletes (n = LGE- vs
(n=81) 20) LGE+
Clinical
parameters
Age, years 41 +£10 42 +11 49 + gf <0.01
BSA, m? 1.99 + 1.99+0.13  1.99 +0.13 0.958
0.15
Troponin T, pg/ml 4+3 6+8 7 + 51 0.661
NT-proBNP, pg/ml 36 + 24 33+ 26 58 4+ 108 0.057
Exercise testing
Systolic BP at rest, 122+16 127 + 18 133 + 16" 0.169
mmHg
Diastolic BP at rest, 84 + 12 83 +10 84 +9 0.542
mmHg
Peak systolic BP, 176 £25 196 + 291 218 + 24%* <0.01
mmHg
Peak diastolic BP, 85 + 23 95 + 22 89 + 12 0.264
mmHg
HR at rest, bpm 67 + 12 53 £ 10% 55 + 9% 0.477
Peak HR, bpm 170+15 171 +13 165 + 12 0.071
VOymax, ml/kg/min 39 4+ 7 54 + 118 51 4 9%+ 0.338
Maximal power, W 233 + 46 414 + 108% 367 + 82%* 0.080
CMR - left heart
Cardiac index, 1/ 3.40 + 3.22+0.69  3.29 + 0.69 0.653
min/m? 0.84
LVEF, % 62+7 61+5 61+8 0.778
LVEDVi, ml/m? 82+ 13 100 + 148 98 + 12%* 0.529
LVESVi, ml/m? 31+9 40+98 38 + 9" 0.480
LVSVi, ml/m? 50 + 8 61 + 9% 60 + 10% 0.809
LV mass index, g/ 65+9 80 + 128 88 + 10** <0.01
mZ
LAEF, % 62+8 60 +9 56 + 9" 0.091
LAEDVi, ml/m? 14+ 4 18 + 8f 21 + 7%* 0.101
LAESVi, ml/m? 36+9 45+ 11% 49 + 12% 0.171
LGE size, %LV - - 3.6 +2.4 -
Native T1, ms 1021 + 979 + 218 997 + 40" <0.01
31
ECV, % 23.9 + 24.4 +1.7 26.2 4+ 2.7" <0.001
2.7
CMR - right heart
RVEF, % 60 + 6 57 + 6* 60 + 8 0.097
RVEDVi, ml/m? 84+ 14 105 + 16° 103 + 21% 0.564
RVESVi, ml/m? 3449 46 + 118 424+ 121 0.117
RVSVi, ml/m? 50 + 8 59 + 10% 61 + 14% 0.465
RAEF, % 47 + 10 45 + 11 43410 0.546
RAEDVi, ml/m? 22+6 31 +11% 31 + 10" 0.844
RAESVi, ml/ m? 44 +11 56 + 145 54 + 147 0.501
LV diastolic filling
parameters
Early peak-filling 224 + 69 216 + 58 212 +£73 0.798
rate, ml/s/m>
Atrial peak-filling 147 + 55 120 + 46* 149 + 50 <0.05
rate, ml/s/m?
Peak-filling rate 1.63 + 2.07 + 1.56 + 0.67 <0.05
ratio 0.49 1.03f

Numbers are presented as mean + SD for continuous data and n (%) for cate-
gorical data.

*P < 0.05, P < 0.01 or *P < 0.001 or 3P < 0.0001 for LGE- versus controls.
p < 0.05, P < 0.01, #P < 0.001 or **P < 0.0001 for LGE + versus controls.
Some of the data was partly reported in previous publications as indicated in the
materials and methods section.

Abbreviations: as in Table 1.

values, whereas E values were not increased in athletes [27]. The find-
ings of the current CMR study are in line with the previous echocar-
diographic literature, LGE- triathletes had a comparable “supernormal”
diastolic filling pattern characterized by increased peak-filling rate ratio,
which was attributable to the lower atrial peak-filling rate.

LV diastolic filling consists of two phases the early active and late
passive filling. In the current study early active filling was similar be-
tween LGE- triathletes and controls as described by early peak-filling
rate, whereas late passive filling described by atrial peak-filling rate
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Fig. 3. CMR-based diastolic filling parameters between LGE-triathletes, LGE +
triathletes and controls. (a-c) EPFR, APFR and PFRR values between LGE-
triathletes, LGE + triathletes and controls. EPFR, early peak-filling rate;
APFR, atrial peak-filling rate; PFRR, peak-filling rate ratio.

showed differences. Bhella et al. reported that competitive athletes have
a more compliant and distensible LV than the sedentary population [29].
In a rat model of chronic exercise Burgess et al. also demonstrated that
the collagen composition of LV is shifted towards a greater ratio of type
III to I and postulated a favorable influence on diastolic function [30].
Another study by King et al. used Doppler tissue index to show a reduced
myocardial stiffness in elite endurance athletes compared to controls
[31]. Thus, the main cause for the “supernormal” LV filling seems to be
the increased flexibility and elasticity of the myocardium.

4.3. “Pseudo-normalization” LV diastolic filling pattern in LGE +
triathletes

LGE + triathletes in the current study demonstrated a LV diastolic
filling pattern different to LGE- triathletes but similar to sedentary
controls, which was characterized by increased atrial peak-filling rate
and consequently decreased peak-filling rate ratio. Thus, we hypothesize
that focal and diffuse myocardial fibrosis influence the LV diastolic
filling pattern and LGE + triathletes might have a “pseudo-

European Journal of Radiology 158 (2023) 110615

normalization” of diastolic filling. Apart from benefits in regard to LV
compliance and distensibility long-term rigorous exercise might also be
associated with non-physiological LV hypertrophy and myocardial
fibrosis, increasing LV myocardial stiffness and decreasing LV compli-
ance, leading to both systolic and diastolic dysfunction [32]. We
detected increased myocardial native T1 and ECV fraction in normal
appearing myocardium and markedly increased LV mass index in LGE +
compared to LGE- triathletes. Increased ECV fraction of myocardium
might be indicative of diffuse myocardial fibrosis. Recently, a study by
Lee et al. reported that the degree of ECV fraction is associated with a
deterioration of LV relaxation and compliance in patients with aortic
stenosis [33]. Therefore, the LV diastolic filling patterns in LGE + tri-
athletes may be influenced by diffuse myocardial fibrosis as well as
increased LV mass. The thin-walled left atrium is afterload sensitive,
with a decrease in LV compliance, the increased load imposed on the
atrium eventually might lead to further LA dilatation and remodeling,
acting as a marker of chronic diastolic burden [34].

“Pseudo-normalization” in LGE + triathletes might be thought of as
the loss of adaptative benefits compared to LGE- triathletes. In the
current study LGE + triathletes show a compensatory increase of atrial
peak-filling rate compared to LGE- triathletes to maintain the “pseudo-
normal” LV diastolic filling.

4.4. Study limitations

Differentiation of athlete’s heart from other cardiomyopathies is still
challenging due to the overlap features [35], and triathletes with un-
derlying early-stage cardiomyopathies might potentially have been
included. Echocardiographic data was not available and no comparison
to CMR in assessing LV diastolic function was performed. Tissue-Doppler
can evaluate early active diastolic function using annular tissue veloc-
ities (e’) and the relationship between E and e’. However, CMR imaging
has advantages in spatial resolution and tissue characterization.
Currently, the results of this study can be considered only as generating a
hypothesis and further studies are needed to detect the exact patho-
physiological mechanism underlying the exercise-associated myocardial
fibrosis and its effect on the LV diastolic filling. Further, due to the lack
of a longitudinal follow-up, future studies are required to investigate
how the adaptations develop and influence the individual.

5. Conclusions

This CMR study noninvasively investigated parameters of LV dia-
stolic filling patterns in a large population of triathletes and the effect of
myocardial fibrosis in comparison to sedentary controls. This study
revealed that adaptations in “supernormal” LV diastolic filling pattern in
LGE- triathletes may be attributed to increased flexibility and elasticity
of ventricular myocardium. LGE + triathletes demonstrated a similar LV
diastolic filling pattern compared to control subjects, which might be
attributable to pseudo-normalization. The characteristic compensatory
increase of atrial peak-filling rate in LGE + triathletes may be associated
with reduced passive elasticity of the hypertrophied left ventricle due to
myocardial fibrosis.

Study design:

e Prospective.
e Observational.
e Performed at one institution.
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Abstract

Objectives The study aimed to investigate the alterations of myocardial deformation responding to long-standing pressure
overload and the effects of focal myocardial fibrosis using feature-tracking cardiac magnetic resonance (FT-CMR) in patients
with resistant hypertension (RH).

Methods Consecutive RH patients were prospectively recruited and underwent CMR at a single institution. FT-CMR analyses
based on cine images were applied to measure left ventricular (LV) peak systolic global longitudinal (GLS), radial (GRS),
and circumferential strain (GCS). Functional and morphological CMR variables, and late gadolinium enhancement (LGE)
imaging were also obtained.

Results A total of 50 RH patients (63 + 12 years, 32 men) and 18 normotensive controls (57 + 8 years, 12 men) were stud-
ied. RH patients had a higher average systolic blood pressure than controls (166 +21 mmHg vs. 116 +8 mmHg, p <0.001)
with the intake of 5+ I antihypertensive drugs. RH patients showed increased LV mass index (78 + 15 g/m? vs. 61 +9 g/m?,
p<0.001), decreased GLS (= 16+3% vs.—19+2%, p=0.001) and GRS (41 +12% vs. 48 +8%, p=0.037), and GCS was
reduced by trend (— 17 +4% vs. — 19+4%, p=0.078). Twenty-one (42%) RH patients demonstrated a LV focal myocardial
fibrosis (LGE +). LGE 4+ RH patients had higher LV mass index (85 + 14 g/m? vs. 73+ 15 g/m?, p=0.007) and attenuated
GRS (37+12% vs. 44 +12%, p=0.048) compared to LGE — RH patients, whereas GLS (p =0.146) and GCS (p=0.961)
were similar.

Conclusion Attenuation of LV GLS and GRS, and GCS decline by tendency, might be adaptative changes responding to
chronic pressure overload. There is a high incidence of focal myocardial fibrosis in RH patients, which is associated with
reduced LV GRS.

Clinical relevance statement Feature-tracking CMR-derived myocardial strain offers insights into the influence of long-
standing pressure overload and of a myocardial fibrotic process on cardiac deformation in patients with resistant hypertension.
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Key Points

o Variations of left ventricular strain are attributable to the degree of myocardial impairment in resistant hypertensive

patients.

e Focal myocardial fibrosis of the left ventricle is associated with attenuated global radial strain.
e Feature-tracking CMR provides additional information on the attenuation of myocardial deformation responding to

long-standing high blood pressure.

Keywords Magnetic resonance imaging - Hypertension - Cardiac imaging techniques - Hypertrophy, left ventricular

Abbreviations

ABPM Ambulant blood pressure monitoring
BMI Body mass index

BSA Body surface area

CMR Cardiac magnetic resonance

DBP Diastolic blood pressure

EDVi End-diastolic volume index

EF Ejection fraction

ESVi End-systolic volume index
FT-CMR Feature-tracking cardiac magnetic resonance
GCS Global circumferential strain

GLS Global longitudinal strain

GRS Global radial strain

LA Left atrial

LGE Late gadolinium enhancement

LV Left ventricular

LVH Left ventricular hypertrophy

RA Right atrial

RH Resistant hypertension

RV Right ventricular

SBP Systolic blood pressure

SSFP Steady-state free-precession

STE Speckle-tracking echocardiography
SVi Stroke volume index
Introduction

Among other cardiovascular risk factors hypertension
remains a major cause of cardiovascular mortality world-
wide [1]. Resistant hypertension (RH) is defined as above-
goal elevated blood pressure despite the concurrent use of
three or more different antihypertensive medications includ-
ing a diuretic [2]. RH is associated with a higher risk of
adverse cardiovascular events compared to controlled hyper-
tension, and might be accompanied by extensive target organ
damage, including left ventricular hypertrophy (LVH) [3, 4].
Myocardial fibrosis is a major determinant of hypertrophied
myocardium and potentially associated with cardiovascular
events, including heart failure and sudden death [5].

A recent work offers an overview of speckle-tracking
echocardiography (STE) in assessing LV dysfunction in
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hypertension [6]. The explanation that attenuated longi-
tudinal function and preserved circumferential and radial
function are due to compensatory mechanisms has received
reasonable attention, whereas longitudinal function is not
always the earliest indicator in all circumstances, all three
directions of function may decline in response to disease
progress [6]. Although STE is the most available technique
to quantify myocardial deformation, several weaknesses do
exist. Reproducibility of acquisition planes is limited, which
can influence particularly the evaluation of circumferential
and radial strain [7]. The novel technique of feature-tracking
cardiac magnetic resonance (FT-CMR), despite suffering
from through-plane motion effects and having a lower spatial
and temporal resolution than STE, has a better performance
in measuring longitudinal, radial, and circumferential strain
[7, 8]. Furthermore, the majority of the patient populations
included in the previous echocardiographic literature had
controlled mild to moderate hypertension [6].

Therefore, the main purpose of this study was to investi-
gate the alterations of myocardial deformation responding to
long-standing pressure overload and to elucidate the degree
of myocardial impairment using FT-CMR. The secondary
objective was to identify the potential effects of focal myo-
cardial fibrosis in RH patients.

Materials and methods
Study population

The prospective study was approved by the local research
ethics committee and complied with the Declaration of
Helsinki. All participants gave written informed consent.
This study recruited consecutive RH patients at a single
institution and included 16 patients who were recruited in a
previously publication [9]. The initial publication reported
the effects of a renal denervation procedure on LV mass,
myocardial strain, and diastolic function in RH patients [9].

The enrollment of criteria and diagnostic definitions
have been detailed previously [9]. Briefly, RH patients were
diagnosed according to the current guideline: blood pres-
sure > 140/90 mmHg despite the intake of at least 3 antihy-
pertensive drugs in full dosages including a diuretic [2, 10].
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The demographic and anthropometric characteristics were
collected accordingly. Main exclusion criteria were as fol-
lows: (1) severe renal failure (estimated glomerular filtration
rate [eGFR] < 30 mL/min/1.73 m?), (2) significant stenosis
and prior stenting or dilatation of renal arteries, (3) myocar-
dial infarction < 6 months before planned renal denervation,
(4) diabetes mellitus type I, and (5) persisting atrial fibrilla-
tion [9]. All patients underwent an office and 24-h ambulant
blood pressure monitoring (ABPM). In addition, 18 healthy
individuals, who underwent CMR scans for this particular
research purpose, were enrolled to serve as a control group
and had no known cardiovascular or systematic diseases.

CMR acquisition

CMR was performed on a 1.5-T scanner equipped with a
5-channel cardiac-phased array receiver coil (Achieva,
Philips Medical Systems). Standard retrospectively gated,
ECG-triggered steady-state free-precession cine images
(25 phases per cardiac cycle) were acquired in short- and
long-axis (2-, 3-, and 4-chamber) views using a breath-hold
technique with the following typical parameters: acquired
voxel size 1.98 x 1.80x 6 mm?>, reconstructed voxel size
1.36x 1.36 X 6 mm?, gap 4 mm, 9-10 slices for full LV cov-
erage, echo time = 1.67 ms, time to repetition =3.34 ms, flip
angle =60°, parallel acquisition technique = SENSE [factor
2]). Ten minutes after a bolus injection of 0.2 mmol/kg gad-
oteric acid (Dotarem®, Guerbet) at a rate of 2.5 mL/s late
gadolinium enhancement (LGE) images were acquired using
an end-diastolic phase-sensitive inversion-recovery sequence
in short-axis direction covering the entire heart and in 2-, 3-,
and 4-chamber views.

CMR data analysis

CMR images were post-processed independently and blindly
using a commercially available software (CVi42, Circle
Cardiovascular Imaging Inc.). CMR parameters are given
as the mean of two investigators and are indexed to body
surface area (BSA). For LV volume and mass evaluation,
the endo- and epicardial contours were delineated in systole
and diastole in a stack of short-axis cine slices covering the
whole LV with inclusion of the papillary muscles as part
of the LV volume [11]. For right ventricular (RV) volume
evaluation, the endocardial contours were delineated in sys-
tole and diastole in a stack of short-axis cine slices covering
the whole RV [11]. Left (LA) and right atrial (RA) volumes
and LV ejection fraction (EF) were calculated based on the
biplane area-length method [12], measurements excluded
pulmonary veins and atrial appendage. LVH was defined as
LV mass index > 81 g/m? for men and > 61 g/m? for women
[13]. Focal myocardial fibrosis (LGE +) was identified and
assessed visually using short- and long-axis LGE images.

LV myocardial strain analysis was performed with cine
images using the feature-tracking software (Segment, ver-
sion 2.1.R.6108, Medviso), through computing interframe
deformation fields using an endocardial tracking strategy
based on non-rigid image registration [14, 15]. LV peak
systolic global longitudinal (GLS), radial (GRS), and cir-
cumferential strain (GCS) were measured on the long-axis
(2-, 3-, and 4-chamber) and three short-axis (apical, mid, and
basal) slices by manual delineation of the endo- and epicar-
dial contours at end-diastole. Endo- and epicardial contours
were automatically propagated by the software throughout
the cardiac cycle to calculate myocardial strain.

Statistical analysis

All statistical analyses were performed using SPSS (ver-
sion 28.0, IBM) and GraphPad Prism (version 9.2.0). All
continuous data were checked for normality using the
D’Agostino-Pearson omnibus normality test. Numerical
variables are presented as the mean + SD. Differences
of continuous data between the groups were performed
using the independent samples ¢-test or Wilcoxon signed
rank-test as appropriate. Categorical data are presented as
absolute numbers (percentage) and were compared using
x2 test or Fischer’s exact test as appropriate. Multivari-
ate linear regression analyses were conducted to identify
the independent associations of clinical and CMR-derived
parameters with strain. p <0.05 was regarded as statisti-
cally significant.

Results
Clinical characteristics

A total of 50 consecutive RH patients (63 + 12 years,
32 men) and 18 normotensive controls (57 + 8 years, 12
men) were eventually enrolled. A flowchart of the study
is presented in Figure S1. Cardiovascular risk factors and
antihypertensive medication of RH patients are detailed
in Table 1. There were no statistical differences in gen-
der distribution (p =0.839) and age (p =0.055) between
RH patients and normotensive controls. RH patients
had higher BSA (p =0.004) and body mass index (BMI)
(p <0.001) than controls. Office systolic blood pressure
(SBP) (166 +21 mmHg) and diastolic blood pressure
(DBP) (91 + 17 mmHg) were elevated in RH patients
despite the intake of 5+ 1 antihypertensive drugs. The
mean of 24-h ABPM, SBP, and DBP of the patient group
were 149 + 18 mmHg and 84 + 16 mmHg, respectively
(Table 2).
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Table 1 Clinical characteristics of RH patients

RH patients
(n=50)
Risk factors
Coronary artery disease, n (%) 13 (26)
Ischemic stroke, n (%) 4(8)
Type 2 diabetes, n (%) 17 (34)
Smoker, n (%) 15 (30)
Hypercholesterolemia, n (%) 21 (42)
Antihypertensive medications
Number of antihypertensive drugs, n 5+1
Diuretics, n (%) 50 (100)
ACE inhibitors/ARBs, n (%) 41 (82)
Beta blockers, n (%) 39 (78)
Moxonidine or Clonidine, n (%) 28 (56)
Calcium channel blockers, n (%) 35 (70)
Aldosterone antagonists, n (%) 2(4)
Alpha-adrenoreceptor antagonist, n (%) 8 (16)
Renin inhibitors, n (%) 9 (18)
Alpha-adrenoreceptor agonists, n (%) 2(4)
Vasodilators, n (%) 4(8)

Values are presented as mean+ SD for continuous data and n (%) for
categorical data

ACE angiotensin-converting enzyme, ARBs angiotensin II receptor
blockers, RH resistant hypertension

CMR findings

CMR findings of the study subjects are summarized in
Table 2. RH patients showed similar LVEF (62 +9% vs.
64 +7%, p=0.276) and LV/LA volumes, but markedly
increased LV mass index (78 +15 g/m? vs. 61 +9 g/m?,
p <0.001) compared to controls. In the patient group, 28
(56%) had LVH. No differences were observed between
the groups regarding RV function and volumes. Feature-
tracking analyses showed attenuated LV GLS (- 16+3%
vs.—19+2%, p=0.001) and GRS (41 +£12% vs. 48 + 8%,
p=0.037) in RH patients. LV GCS had a downward ten-
dency (= 17+4% vs.—19+4%, p=0.078) (Table 2 and
Fig. 1).

Demographics, blood pressure, and CMR findings of
LGE + and LGE — RH patients.

In 21 out of 50 (42%) RH patients, a focal myocar-
dial fibrosis (LGE +) of the LV was detected. A total of 7
ischemic and 14 non-ischemic LGE patterns were visual-
ized as shown in Fig. 2a. A schematic overview is given in
Fig. 2b depicting the segmental distribution of focal myocar-
dial fibrosis in LGE +RH patients. LGE areas were predomi-
nantly localized in the LV basal inferior and inferolateral
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segments, whereas midventricular anteroseptal and apical
septal segments showed no focal myocardial fibrosis.

LGE —and LGE + RH patients had significantly higher
BMI and office SBP than controls (all p <0.001), increased
LV mass index was found in both LGE — (p =0.004) and
LGE+ (p<0.001) RH patients. The two RH subgroups
and controls had similar cardiac functional and anatomi-
cal parameters. Compared to normotensive controls, LV
GLS was decreased in LGE+ (—15+3% vs.—19+2%,
p<0.001) and LGE — RH patients (— 16 +3% vs.— 19 +2%,
p=0.015), GRS was decreased in LGE+RH (37 +12%
vs. 48+ 8%, p=0.002), but not in LGE —RH patients
(44 +12% vs. 48 +8%, p=0.269) (Table 2). There were
no statistical differences in LV GCS between controls and
LGE - (p=0.101) and LGE + (p =0.127) RH patients, but
a trend for attenuation.

There was a greater proportion of male patients in the
LGE+RH group (p=0.007) (Table 2). LGE 4 RH patients had
higher BSA (2.16+0.15 m? vs. 2.01 +0.23 m%, p=0.017) than
LGE —RH patients. Age (p=0.727) and BMI (p=0.842) were
similar. Office SBP (160+ 18 mmHg vs. 164 +39 mmHg,
p=0.716) and DBP (91 +16 mmHg vs. 88 +25 mmHg,
p=0.629), ABPM SBP (148 +20 mmHg vs. 150+ 18 mmHg,
p=0.857) and DBP (84 +16 mmHg vs. 84 + 16 mmHg,
p=0.935) were similar. CMR revealed a higher LV mass index
in LGE +RH patients with 85 + 14 g/m? than in LGE —RH
patients with 73 +15 g/m? (p=0.007). Patients with LVH
had a similar distribution between the LGE —and LGE +RH
subgroups. No significant differences regarding cardiac func-
tion and volumes were observed (Table 2). Feature-tracking
analyses showed that LGE + RH patients had attenuated
LV GRS (37+12% vs. 44 +12%, p=0.048) compared to
LGE —RH patients, whereas there were no differences in LV
GLS (—15+3% vs.—16+3%, p=0.146) and GCS (—17+£5%
vs.—17+4%, p=0.961) (Fig. 1).

Associations of clinical and CMR-derived parameters
with strain

Univariate regression analyses showed that LV stroke vol-
ume index (LVSVi) and LV mass index in RH patients
were associated with LV GLS (R= —0.443, p=0.001
and R=0.466, p <0.001, respectively), GRS (R =0.420,
p=0.003 and R= —0.392, p=0.005, respectively), and GCS
(R=-0.307, p=0.03 and R=0.289, p=0.041, respectively)
(Fig. 3). After adjustment for age, gender, BMI, and BP,
multivariate regression analyses demonstrated that LV end-
systolic volume index (LVESVi), LVSVi, and LV mass index
were independently associated with LV GLS (#=0.301,
p=0.002; p= —0.689, p<0.001 and f=0.558, p<0.001,
respectively; model R?=0.713) and GRS (f= —0.447;
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Table 2 Demographics, blood pressure, and CMR parameters in controls and RH patients as well as their subgroups stratified by the presence of
LGE

Controls RH patients p value' LGE-RH LGE +RH patients  p value*
(n=18) (n=50) patients (n=29) (n=21)
Demographics
Age, years 57+8 63+12 0.055 62+13 64 +10% 0.727
BSA, m? 1.90+0.23 2.07+0.21 0.004 2.01+0.23 2.16+0.15%%* 0.017
BMI, kg/m? 25+4 31+5 <0.001 31 +6%%* 30 4 4%%* 0.842
Male, n (%) 12 (67) 32 (64) 0.839 14 (48) 18 (86) 0.007
Blood pressure parameters
Office SBP, mmHg 116 +8 166 +21 <0.001 164 +39%** 160 + 18**%* 0.716
Office DBP, mmHg 7711 91417 0.001 88+25 91+16" 0.629
ABPM SBP, mmHg - 149 +18 - 150+18 148 +20 0.857
ABPM DBP, mmHg - 84+16 - 84+16 84+16 0.935
LV and LA CMR parameters
LVEF, % 64+7 62+9 0.276 63+8 59+11 0.171
Heart rate, beats/min 67+13 69+11 0.499 69+11 69+11 0.879
LV mass index, g/m? 61+9 78+15 <0.001 73+ 15%* 85 & 147#%* 0.007
LVH all, n (%) - 28 (56) - 16 (55) 12 (57) 0.890
Male (mass > 81 g/mz), n (%) - 14 (28) - 5(36) 9 (50) 0.419
Female (mass > 61 g/m?), n (%) - 14 (28) - 11 (73) 3 (100) 0.311
LVEDVi, mL/m? 75+12 7516 0.856 72+15 78+ 16 0.155
LVESVi, mL/m? 27+7 29+11 0.388 27+10 32+12 0.119
LVSVi, mL/m? 48+10 45+9 0.227 45+8 4611 0.578
LAEDVi, mL/m? 20+6 24+ 14 0.059 24+14 25+14 0.769
LAESVi, mL/m? 42+11 43+15 0.660 43+13 44+18 0.842
RV and RA CMR parameters
RVEF, % 61+6 63+9 0.385 63+8 62+10 0.622
RVEDVi, mL/m? 74+13 72+13 0.460 72+12 72+15 0.889
RVESVi, mL/m? 29+7 27+8 0.313 26+8 28+9 0.575
RVSVi, mL/m? 46+9 45+10 0.837 45+9 45+11 0.785
RAEDVi, mL/m? 25+10 23+9 0.535 23+38 23+10 0.929
RAESVi, mL/m? 43+14 39+11 0.248 39+9 39+13 0.937
LV strain parameters
LV GLS, % —-19+2 —-16+3 0.001 —16+3* — 15 3 0.146
LV GRS, % 48+8 41£12 0.037 44+12 37+127 0.048
LV GCS, % —-19+4 —-17+4 0.078 —-17+4 —-17+5 0.961
LGE pattern
Ischemic, n (%) - 7(14) - - 7 (33) -
Non-ischemic, n (%) - 14 (28) - - 14 (67) -

Values are presented as mean + SD for continuous data and n (%) for categorical data
Values in bold denote significant differences between groups

TComparison between RH patients and controls

#Comparison between LGE — and LGE + RH patients

*p<0.05, ¥ p <0.01, #*¥p <0.001 for LGE —or LGE + RH patients vs. controls

Abbreviations: ABPM, ambulatory blood pressure monitoring; BMI, body mass index; BSA, body surface area; DBP, diastolic blood pressure;
GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain; LA, left atrial; LAEDVI, left atrial end-diastolic
volume index; LAESVi; left atrial end-systolic volume index; LGE, late gadolinium enhancement; LV, left ventricular; LVEF, left ventricular
ejection fraction; LVEDVi, left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; LVH, left ventricular
hypertrophy; LVSVi, left ventricular stroke volume index; RA, right atrial; RAEDVI, right atrial end-diastolic volume index; RAESVi; right atrial
end-systolic volume index; RH, resistant hypertension; RV, right ventricular; RVEF, right ventricular ejection fraction; RVEDVi, right ventricular
end-diastolic volume index; RVESVi, right ventricular end-systolic volume index; RVSVi, right ventricular stroke volume index; SBP, systolic
blood pressure
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Fig.1 The comparisons of LV global longitudinal (a), radial (b), and
circumferential (c) strain among RH patients with and without LGE
and controls. LGE, late gadolinium enhancement; LV, left ventricular;
RH, resistant hypertension

$=0.616 and = —0.379, respectively, all p <0.001; model
R?=0.685). LVESVi and LVSVi were independently asso-
ciated with LV GCS (=0.711, p<0.001; p= —0.413,
p <0.001, respectively; model R?=0.588) (Table 3). Multi-
variate regression analyses in normotensive controls showed
that considering the covariates of age, gender, BMI, and
BP, LVSVi was independently associated with LV GLS
(= —0.521, p=0.027, model R*=0.271), LVESVi was
independently associated with LV GRS (f= —0.675,
p=0.002, model R°=0.456), and LVESVi and LVSVi
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were independently associated with LV GCS ($=0.722 and
p=—0.615, all p<0.001; model R>=0.746) (Table 4).

Discussion

This study analyzed cardiac morphology and function in RH
patients compared to normotensive controls using CMR. The
novel method of FT-CMR was used to determine LV global
peak systolic strain and LGE imaging was used to investigate
the influence of focal myocardial fibrosis on LV myocardial
deformation. The main findings are (1) RH patients had sig-
nificantly higher LV mass index and attenuated LV GLS and
GRS in comparison to normotensive controls, whereas GCS
was attenuated by trend; (2) 21 RH patients (42%) demon-
strated a focal myocardial fibrosis (LGE +), predominantly
localized in the basal inferior and inferolateral LV segments;
(3) in the subgroup analysis, LGE + RH patients had a mark-
edly reduced LV GLS compared to controls, attenuated GRS
compared to LGE — RH patients and controls, and GCS was
also attenuated by trend; and (4) LV mass index and stroke
volume index were associated with multidirectional strain
in RH patients.

Long-standing pressure overload causing strain
alterations

In this study, a decrease of LV GLS and GRS was observed
in RH patients compared to normotensive controls, GCS
did not differ statistically, but showed a decreasing trend.
LV strain is sensitive to and influenced by afterload altera-
tion [16], and its altering patterns are determined by the
fiber structure of the myocardium and its interaction with
local wall stress [17]. Longitudinal strain represents the con-
traction of the subendocardial fibers, while circumferential
shortening reflects the contraction of the subepicardial fib-
ers, and both contribute to radial thickening [8]. LV suben-
docardial fibers are more vulnerable to increased wall stress,
ischemia, and microvascular dysfunction, and thus longitudi-
nal strain is prone to impairment at an early phase of hyper-
tension even before hypertrophy has occurred [18-20] and
is a sensitive marker for subclinical LV dysfunction [17, 21].

The alterations in radial and circumferential strain are
more complex compared to longitudinal strain, especially
with the progression of the given disease and the presence
of LVH. Imbalzano et al detected reduced longitudinal strain
by STE in hypertensive patients both with and without LVH,
and those with LVH had reduced radial and increased cir-
cumferential strain [18]. Wang et al showed a reduction in
all three strain components in patients with systolic heart
failure, while patients with diastolic heart failure and pre-
served LVEF had reduced longitudinal and radial strain,
but circumferential strain was preserved [21]. In the current
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Fig.2 a LGE images depicting a
the focal myocardial fibrosis
in LGE +RH patients. Short-
and long-axis LGE images
depicting an ischemic (red
arrowheads) and non-ischemic
(white arrowheads) pattern in
21 (42%) LGE + RH patients.
b Schematic representation

of fibrosis localization in

LGE + RH patients. LGE areas
were predominantly localized in
the LV basal inferior (segment
4) and inferolateral (segment
5) segments, whereas midven-
tricular anteroseptal (segment
8) and apical septal (segment
14) segments showed no focal
myocardial fibrosis. LGE, late
gadolinium enhancement; LV,
left ventricular; RH, resistant
hypertension

cohort, longitudinal and radial strain was decreased and cir-
cumferential strain was preserved in analogy, and more than
half (56%) of the patients had LVH due to persistent high-
pressure overload. The anatomic differences of myocardial
fibers may explain the potential robustness of circumferen-
tial strain in terms of clinically significant LV dysfunction
[22]. Thus, different stages of hypertensive heart disease

Patient 10
T i ’

seem to be associated with different longitudinal, radial, and
circumferential strain response, which may provide a pos-
sible explanation for the above discrepancy.

Of note, in the current study, there was a borderline differ-
ence of age between controls and RH patients; age-depend-
ency may contribute to the compensation of age-related
LV stiffness by radial strain [23]. However, a multivariate
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Fig.3 The associations of LV a
mass index (a) and LVSVi (b)
with LV global deformation
parameters in RH patients. The
gray shade indicates the 95%
confidence interval. Increase

in LV mass index and decrease
in LVSVi were associated with
decrease in longitudinal, radial,
and circumferential strain. LV,
left ventricular; LVSVi, left
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regression analysis after adjustment for age showed that RH
remained independently associated with LV GLS and GRS,
but not with GCS (Table S1).

Taken together, our results support the notion that the atten-
uation of longitudinal and radial strain in RH patients might
constitute a LV adaptation as a response to a long-standing
pressure overload. The tendential decrease of circumferential
strain might be explained with the subepicardial layer being
affected to a lesser degree in this RH patient cohort.

Prevalence of LGE in RH

Recently, an observational study reported that 145 (18%) of
786 patients with essential hypertension had non-ischemic
LGE; they were more likely to be men and had greater LV
mass and decreased strain [24]. Also, Wang et al detected
29.9% LGE +in their hypertension group [25]. In contrast,
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our cohort showed a higher prevalence of LGE (42%) with
a predominantly non-ischemic pattern, suggesting that RH
might be associated with a higher prevalence of LGE than
controlled hypertension.

Myocardial fibrosis is a common end point of many cel-
lular and noncellular pathological processes in hyperten-
sion; the severity and duration of hypertension might be
responsible for the development of cardiac remodeling [26,
27]. In our study, LGE + RH patients had higher LV mass
index; increased LV mass in remodeling is due to expanded
extracellular interstitium and myocardial cell volume [28]. In
the presence of an expanded interstitium, focal replacement
fibrosis (non-ischemic LGE) is regarded as a result from the
progression of interstitial fibrosis [24]. Increased collagen
deposition in the extracellular interstitium induces stiffness
and reduction of end-diastolic myofiber length, consequently
inducing weakened contraction [29].
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Table 3 Univariate and
multivariate linear regression

LV GLS

LV GRS

LV GCS

analysis of clinical factors
and CMR parameters on LV

Univariate Multivariate Univariate

Multivariate

Univariate Multivariate

deformation in RH patients R B R B R B
Clinical factors
Age (years) 0.116 —-0.194 —0.183* —-0.128
BSA (m?) 0.089 —0.044 0.116
BMI (kg/m?) 0.121 0.008 0.130
Male —0.309* 0.224 —0.087
Office SBP (mmHg) 0.251 —-0.113 0.017
Office DBP (mmHg) 0.374%* —0.380%* 0.070*
CMR parameters
Heart rate (beats/min)  0.337* —0.374%* 0.364%%*
LVEDVi (mL/m?) 0.089 —0.141 0.286*
LVESVi (mL/m?) 0.489%**  (0.301** —0.544%%%  —(.447*%* 0.649%** (.71 1***
LVSVi (mL/m?) —0.443%*  —(.689%%** 0.420%* 0.616%**  —0.307* —0.413%**
LV mass index (g/m?)  0.466+%%  (.558%%%  —(.392%%  —(,379%%* 0.289%*
RVEDVi (mL/m?) -0.133 0.074 0.114
RVESVi (mL/m?) 0.278 —0.339* 0.337*
RVSVi (mL/m?) —0.404%* 0.375%%* —0.118
LAEDVi (mL/m?) 0.153 —-0.169 0.126
LAESVi (mL/m?) -0.139 0.046 —0.005
RAEDVi (mL/m?) 0.264 —0.338% 0.317*
RAESVi (mL/m?) —0.034 —0.106 0.138
R? 0.713 0.685 0.588

Variates with p <0.05 in the univariate analysis as well as age, gender, BMI, SBP, and DBP were included
in the multivariate analysis. § is the standardized regression coefficient of stepwise multivariate linear

regression analysis

*p<0.05; *p <0.01; **¥*p <0.001
Abbreviations as in Tables 1 and 2

Differences in strain between LGE + and LGE —RH
patients

Our results showed that reduction in longitudinal strain was
observed in both LGE — and LGE + RH patients, compat-
ible with an early decrease of longitudinal systolic func-
tion. However, while LGE — RH patients showed similar
radial strain compared to controls, a worsening radial strain
emerged in LGE 4+ RH patients.

Generally, radial strain has been shown to have large
ranges between studies and the variability of segmental
strain remains rather high [8]. Nevertheless, radial strain
can help to distinguish cardiac sarcoidosis from dilated car-
diomyopathy [30], can predict clinical outcome in hyper-
trophic cardiomyopathy [31], and is more predictive for scar
(defined with LGE) transmurality than longitudinal strain
[32]. In fact, the underlying mechanisms responsible for
worsening radial strain have not been completely defined
yet. Radial strain represents the global myocardial function
in the radial direction, which is influenced by the deforma-
tion of all myocardial layers. Thus, it seems reasonable to

assume that once focal myocardial fibrosis visualizable by
LGE has occurred it might contribute to the reduction of
LV radial strain.

Earlier echocardiographic studies have investigated the
effects of myocardial fibrosis on LV deformation through
identifying the association of plasma markers of myocardial
fibrosis with strain alterations. Kang et al found increas-
ing tissue inhibitor of matrix metalloproteinase (TIMP)-1
in hypertensive patients with normal LVEF correlated with
attenuation of longitudinal strain, whereas circumferential
and radial strain were not attenuated [19]. Poulsen et al
showed that hypertensive patients had decreased longitu-
dinal strain and increased amino-terminal propeptide of
procollagen type III, accompanied by an inverse correlation
of the two parameters [20]. Plasma markers emerge in an
early stage of a myocardial fibrotic process in mild to mod-
erate hypertensive patients and indirectly reflect myocardial
fibrosis, and may lack specificity in the case of concomi-
tant fibrotic diseases (e.g., cardiac fibrosis combined with
liver or kidney fibrosis) [33]. However, the patients in the
current study rather suffered a late fibrotic process due to
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Table 4 Univariate and
multivariate linear regression

LV GLS

LV GRS LV GCS

analysis of clinical factors

Univariate Multivariate Univariate Multivariate Univariate Multivariate

and CMR parameters on LV
deformation in the control R B R B R B
group Clinical factors
Age (years) —0.045 0.266 -0.018 0.395%*
BSA (m?) -0.317 0.169 0.002
BMI (kg/m?) —0.047 0.204 0.053
Male 0.136 0.074 0.182
Office SBP (mmHg) 0.138 0.263 —0.047
Office DBP (mmHg) —0.172 0.114 —0.282
CMR parameters
Heart rate (beats/min) 0.251 —-0.136 0.038
LVEDVi (mL/m?) -0.236 —0.203 —0.125
LVESVi (mL/m?) 0.290 —0.675%* —0.675%* 0.543* 0.722%**
LVSVi (mL/m?) —-0.521*  —0.521* 0.272 —0.587*%  —0.615%**
LV mass index (g/mz) —-0.096 —0.045 —-0.415
RVEDVi (mL/m?) —0.064 -0.251 —0.287
RVESVi (mL/m?) 0.120 —0.336 0.187
RVSVi (mL/m?) -0.175 —0.084 —0.567*
LAEDVi (mL/m?) —0.007 —0.028 0.464
LAESVi (mL/m?) —0.377 0.083 0.149
RAEDVi (mL/m?) -0.109 0.108 0.146
RAESVi (mL/m?) -0.222 0.004 0.030
R? 0.271 0.456 0.746

Variates with p <0.05 in the univariate analysis as well as age, gender, BMI, SBP, and DBP were adjusted
in the multivariate analysis. § is the standardized regression coefficient of stepwise multivariate linear

regression analysis

*p<0.05; *p <0.01; **¥*p <0.001
Abbreviations as in Tables 1 and 2

long-standing arterial hypertension. LGE-CMR is a visual
approach to directly display focal myocardial fibrosis [34].
Identifying the strain differences in RH patients with and
without focal myocardial fibrosis might provide data on the
extent of myocardial layer impairment and offer insights
into the influence of a long-standing pressure overload and
a myocardial fibrotic process on cardiac deformation.

Limitations

The sample size in our study was small, which may have had
an influence on the power to identify differences between
study groups. However, all participants were recruited
consecutively and prospectively according to the stringent
selection criteria; future studies with larger populations are
warranted to corroborate the consistency and reproduc-
ibility of our preliminary findings. Second, although some
risk factors had been adjusted for multivariate regression
analyses, several potential confounders, such as the dosages

@ Springer

of antihypertensive drugs and sodium intake, may have an
additional effect. Age-matching of controls and RH patients
was not precise, but a multivariate analysis did not alter the
results after adjustment for age. Another limitation is the
lack of detailed information about the duration of hyperten-
sion. Nevertheless, all recruited patients were classified as
RH according to the ESC guidelines and extensive diagnos-
tics had been previously performed at our tertiary university
medical center excluding secondary causes of hypertension.
It can be assumed that hypertension has been developing
over a long period of time during the aging process in the
vast majority of the current elder cohort. Further, FT-CMR
is performed mainly based on a block-matching algorithm,
which requires a careful tuning of the search region and
solving for displacements between short-distance regions
[7]. Thus, radial strain being calculated over smaller regions
between endo- and epicardium is less reliable than longitu-
dinal and circumferential strain [7].
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Conclusions

Our study revealed that attenuation of LV global longitudinal
and radial strain as well as the tendency of circumferential
strain attenuation might be consecutive adaptations respond-
ing to long-standing pressure overload in RH patients, and
global circumferential strain attenuation only by tendency
might be attributable to a still partially preserved subepi-
cardial layer. Further, focal myocardial fibrosis has a high
incidence in RH patients, presents primarily with a non-
ischemic LGE pattern predominantly localized in the basal
inferior and inferolateral LV segments, and is associated
with reduced global radial strain. Therefore, FT-CMR-
derived myocardial strain offers insights into the influence of
long-standing pressure overload and of a myocardial fibrotic
process on cardiac deformation in RH.
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Table S1: Age-adjusted association of RH with LV deformation.

LV strain Unstandardized 95% CI P value
parameters coefficient®
LV GLS, % 2.684 1.071, 4.297 0.001
LV GRS, % -6.695 -12.987, -0.402 0.037
LV GCS, % 2.333 -0.060, 4.726 0.056

TUnstandardized coefficient of RH adjusted by age.
Values in bold denote statistical significance.

Abbreviations: CI, confidence interval; GCS, global circumferential strain; GLS, global
longitudinal strain; GRS, global radial strain; LV, left ventricular; RH, resistant hypertension.

Eur Radiol (2023) Chen H, Brunner FJ, Ozden C et al



Figure S1:  Flow chart of the study.
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Abstract

Background

Germ cell cancer (GCC) survivors are at increased risk for cardiovascular disease. We
aimed to investigate the long-term effects of platinum-based combination
chemotherapy (PBCT) on cardiac function and myocardial tissue in GCC survivors by

cardiac magnetic resonance (CMR) imaging.

Methods

44 asymptomatic GCC survivors (age 44 (22-66) years) =3 years after PBCT (follow-
up time 10 (4-22) years) and 21 age-matched healthy controls underwent CMR
assessment including left ventricular (LV) and right ventricular (RV) ejection fraction

(EF), strain analysis, late gadolinium enhancement (LGE) imaging, and T1/T2
mapping.

Results

LV- and RVEF were significantly lower in GCC survivors compared to controls (LVEF
56 +5% vs. 59 £5%, p=.017; RVEF 50 £7% vs. 55 £7%, p=.008). 7% (3/44) of survivors
showed reduced LVEF (<50%), and 41% (18/44) showed borderline LVEF (50-54%).
Strain analysis revealed significantly reduced deformation compared to controls (LV
global longitudinal strain (GLS) -13 £2% vs. -15 £1%, p<.001; RV GLS -15 4% vs. -
19 4%, p=.005). Tissue characterization revealed focal myocardial fibrosis in 9
survivors (20%) and lower myocardial native T1 relaxation times in survivors compared
to controls (1202 £25ms vs. 1226 £37ms, p=.016). Attenuation of systolic function was

observed after only two cycles of PBCT.

Conclusion
Based on CMR evaluation combination chemotherapy with cumulative cisplatin 2200

mg/m? is associated with attenuation of biventricular systolic function and myocardial

2



tissue alterations in long-term GCC survivors. Further investigations into risk factors of
cardiac toxicity and long-term outcome should be integrated in GCC survivorship

programs.

Keywords

germ cell cancer; testicular cancer; survivorship; cardiooncology; cardiotoxicity;

chemotherapy-induced cardiotoxicity; cisplatin toxicity



Introduction

Germ-cell cancer (GCC) is the most common cancer in young men aged between 20
to 40 years. Due to an excellent sensitivity to platinum-based chemotherapy and the
use of multimodal treatment approaches using chemotherapy and secondary tumor
resection, cure rates of more than 90% can be achieved even in metastatic disease."
3 As a result, long-term toxicities after GCC treatment are of particular importance in

this group of cancer survivors with a life expectancy of several decades.

Long-term sequelae of chemo- and radiotherapy for GCC include metabolic syndrome
and cardiovascular disease.* Risk estimates for cardiovascular disease range from
1.3- to 5.7-fold after platinum-based chemotherapy compared to surgery only.%®
Therefore, optimization of cardiovascular risk factors is recommended in GCC
survivorship care. However, knowledge about cardiac function and myocardial
alterations in GCC survivors is limited and no specific recommendations for
cardiological examinations in GCC survivors do exist. Previous studies investigating
cardiac function of GCC survivors using echocardiography described impaired diastolic

function but no impairment of systolic function.%-'3

Echocardiography is widely used to monitor cardiac function in patients undergoing
potentially cardiotoxic cancer treatment. Using strain analysis, early changes in cardiac
contractility can be detected before LVEF changes are manifest.''® Strain imaging
assesses the myocardial deformation capacity by quantifying the shortening of a
myocardial segment in percent from end-diastole to end-systole. Assessment of LVEF
and global longitudinal strain (GLS) using echocardiography is recommended in
patients receiving a potentially cardiotoxic treatment.'®'” LV global circumferential
strain (GCS) is also predictive of chemotherapy-related cardiotoxicity but has not been

established as a screening parameter.'® In case of insufficient imaging quality, cardiac

4



magnetic resonance (CMR) imaging, which represents the gold standard for
quantification of cardiac function and volumes, is recommended as an alternative
imaging modality in evaluating cardiotoxicity.'®1%29 Characterization of myocardial
tissue by CMR may provide further information on cardiac changes during oncological
treatment.’”® T1/T2 mapping and late gadolinium enhancement (LGE) enable
identification of interstitial fibrosis and edema and LGE patterns allow to distinguish

ischemic from non-ischemic scar tissue.2°

Therefore, this study aimed to gain insights on long-term cardiac effects of platinum-
based combination chemotherapy (PBCT) by characterizing cardiac function and

myocardial tissue in GCC survivors using CMR imaging.



Methods
Study population

The study was approved by the local ethics committee (PV7173) and carried out in
accordance with the Declaration of Helsinki. All participants gave written informed
consent. Forty-six asymptomatic men with a history of GCC = 3 years after completion
of PBCT were prospectively recruited at the University Medical Center Hamburg-
Eppendorf between March 2020 and January 2022 and underwent a CMR scan.
General exclusion criteria were MRI contraindications, previous radiotherapy, any
history of coronary artery disease, heart failure, and arrhythmia. A historic cohort of 21
age-matched healthy men was used as controls. One participant from the survivor
group was excluded from analysis because of extensive ischemic myocardial fibrosis

and one patient withdrew consent due to claustrophobia (Supplemental Figure 1).

Anamnestic cardiovascular risk factors and medication were documented and a
laboratory analysis was performed including NT-proBNP, Troponin |, cholesterol, low
density lipoprotein (LDL), high density lipoprotein (HDL), glomerular filtration rate

(GFR), creatinine, and testosterone levels.
CMR protocol

CMR was performed on a 3.0 T scanner (Ingenia, Philips Medical Systems, Best, The
Netherlands) as previously described.?' Imaging was performed using a standard
retrospective ECG-triggered steady-state free-precession (SSFP) cine sequence in
short- and long-axis views with 25 cardiac phases. Native and post-contrast T1
mapping were performed with a motion-corrected modified look-locker inversion
(MOLLI) recovery sequence using the 5s (3s) 3s scheme. T2 mapping was performed

with a free-breathing navigator-gated black-blood prepared gradient and spin-echo



(GraSE) hybrid sequence in the basal, mid, and apical slices corresponding to the
MOLLI sequence. LGE imaging with a phase sensitive inversion recovery (PSIR)
sequence was acquired 10 minutes after injecting 0.15 mmol/kg of gadoterate

meglumine (Dotarem™, Sulzbach, Germany).

CMR data analysis

CMR images were post-processed independently and blindly in random order by two
investigators (E.T. and H.C.) using CVi42 software (Circle Cardiovascular Imaging Inc,

Calgary, Alberta, Canada) as previously described.?’
Statistical analysis

Statistical analysis was performed using SPSS for Windows, version 28.0.1.1 (IBM
SPSS Statistics, Armonk, NY, USA). Graphs were generated using ggplot2 via RStudio
(version 2022.12.0.353, Boston, MA, USA). Demographic data are presented as
median (range), continuous parameters as mean + SD, and categorical data as
absolute numbers and percentages. Normality of continuous data was assessed using
Shapiro-Wilk test. Man-Whitney-U-Test was used for statistical analysis of
demographic data, t-test for metric data, and Fisher's exact test for categorical
variables. Pearson’s correlation or Spearman’s correlation were applied as

appropriate. All p values are two-sided and considered significant at p<.05.



Results

Baseline demographics and tumor characteristics

Median age of survivors was 44 (22-66) years. There were no significant differences
in age, weight, height, body mass index (BMI) and BSA between survivors and controls
(Table 1). Median follow-up time after completion of PBCT was 10 (4-22) years. Thirty-
six percent of survivors had seminoma and 64% had non-seminoma. Initial disease
stage was | in 25%, Il in 45% and Ill in 30% of survivors, respectively (Table 2). In total,
33 (75%) survivors had received one and 11 (25%) had received two or more lines of
therapy as detailed in Table 2. A total of 10 survivors had received high dose

chemotherapy followed by autologous stem cell transplantation.

Cardiac function, volumes and mass

Detailed results of CMR-derived parameters are presented in Supplemental Table 1.
LVEF and RVEF were significantly lower in GCC survivors compared to controls (LVEF
56 +5% vs. 59 +5%, p=.017; RVEF 50 +7% vs. 55 +7%, p=.008; Figure 1 A and B).
Three survivors (7%) showed reduced LVEF <50% and 18 (41%) survivors presented
with borderline LVEF between 50-54%. RV end-systolic volume index (RVESVi), a
marker of ventricle remodeling, was significantly higher (45 £10 ml/m? vs. 38 £11 ml/m?,
p=.01) and there was a trend towards higher LVESVi in survivors compared to controls
(39 9 ml/m? vs. 35 £10 ml/m? p=.084; Supplemental Table 1). No significant
differences were found for heart rate, LV cardiac index (cardiac output per minute
related to BSA), LV mass index, atrial volumes, ventricular systolic and ventricular end-

diastolic volumes, respectively (Supplemental Table 1).



Myocardial strain

Strain analysis revealed significantly lower myocardial deformation of the left and right
ventricle in survivors compared to controls as measured by GLS (LV GLS -13 £2% vs.
-15 £1%, p<.001; RV GLS -15 +4% vs. -19 £4%, p=.005; Figure 1C and D) and LV
GCS (-14 £2% vs. -16 2%, p<.001; Figure 1E). No significant differences were found

for RV GCS, LV radial strain, and RV free wall longitudinal strain (Figure 1F-H).

Myocardial tissue characterization

Myocardial native T1 mapping revealed lower T1 relaxation times in survivors
compared to controls (1202 +25ms vs. 1226 £37ms, p=.016; Figure 2A). Survivors with
decreased or borderline LVEF <55% had lower myocardial T1 values when compared
to those with LVEF 255% (1191 £22ms vs. 1211 £25ms, p=.007; Table 3). A moderate
positive correlation was found between native T1 values and LVEF (r(41)=.346,
p=.023), and RVEF (r(41)=.314, p=.04), respectively. There was a moderate negative
correlation between native T1 values and LV GLS (r(41)=-0.341, p=.025), and a strong
negative correlation between native T1 values and RV GLS (rn(41)=-.534, p<.001),
respectively. T2 values and ECV did not differ between groups (Figure 2B-C).
However, survivors with LVEF <55% had significantly lower percentage of ECV

compared with survivors with normal LVEF (Table 3).

Eight survivors (18%) showed non-ischemic LGE indicating focal myocardial fibrosis
(scar) and one survivor (2%) showed ischemic LGE (Figure 3 and Supplemental Table
1). Four survivors with non-ischemic LGE had normal LVEF (=255%) and 4 survivors

with non-ischemic LGE had borderline LVEF (50-54%) (Table 3).



Cardiac parameters in association with chemotherapy dose

A drop in LVEF was observed after merely two cycles of PBCT (Figure 4). Therefore,
cardiac parameters and clinical characteristics were compared between survivors who
received one cycle of chemotherapy (carboplatin AUC7 or cisplatin 100 mg/m?, n=7)

and those who received at least two cycles (cisplatin 2200 mg/m? + carboplatin, n=37).

Survivors who had received 22 cycles of PBCT showed significantly higher body weight
and BSA (Table 4). No differences were found for anamnestic cardiovascular risk
factors or medication. Laboratory analysis revealed significantly impaired renal
functional parameters and lower testosterone levels, and a trend towards higher
cholesterol levels in survivors after 22 cycles of PBCT. No significant differences were
found for cardiac biomarkers Troponin T and NT-proBNP (Table 4). Two survivors who
had received >2 cycles of PBCT showed elevated high-sensitive Troponin |. Both
individuals presented with non-ischemic LGE not fulfilling criteria for acute myocarditis;

acute myocardial infarction was ruled out in both individuals.

LVEF was significantly lower in survivors after 22 cycles of PBCT compared to
survivors who had received one cycle of chemotherapy (54 +5% vs. 62 +5%, p<.001;
Table 4). Strain analysis showed a significant decrease in LV and RV GCS after 22
cycles of PBCT (LV GCS -13 2% vs. -16 2%, p<.001; RV GCS -8 +3% vs. -10 +2%,
p=.046; Table 4), indicating decreased myocardial deformation after higher doses of
chemotherapy. No significant changes were found for RVEF, LV GLS, and RV GLS,
respectively. Notably, all survivors with focal LGE had received 22 cycles of PBCT
(Table 4). Multivariate regression analysis showed that association of chemotherapy
cycles with LVEF, LV GCS and RV GCS, respectively, was independent of

testosterone levels, renal function, body weight, and BSA.
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Cardiac parameters did not differ between survivors who had received high-dose
chemotherapy and autologous stem cell transplantation and those without high-dose

chemotherapy.

Cardiac parameters in association with clinical and laboratory parameters

GCC survivors with anamnestic arterial hypertension had lower native T1 values (1179
+19ms vs. 1207 £24ms, p=.003). Anamnestic dyslipidemia or smoking status, age and
time of follow-up were not associated with differences in cardiac parameters. A weak
negative correlation was found for LV GLS and HDL level (rn(42)=-.347, p=.021).
Beyond that, systolic functional parameters and T1 values did not correlate with levels

of cholesterol, LDL, HDL, and testosterone, respectively.
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Discussion

To the best of our knowledge, this is the first study to extensively characterize cardiac
alterations in long-term survivors of GCC using CMR imaging. The study has three
major findings: 1. We found attenuated systolic function in GCC survivors almost 10
years after therapy completion as measured by EF and strain analysis after only two
cycles of PBCT; 2. tissue characterization revealed that focal myocardial fibrosis
detected by LGE was common in GCC survivors, and 3. survivors presented with

decreased native T1 values compared to controls.

Previous studies investigating cardiac function of GCC survivors mainly used
echocardiography. A recent study by Bjerring et al. performed echocardiography
including strain analysis 30 years after cisplatin-based chemotherapy for GCC and
found no differences in biventricular systolic function between survivors and controls.®
In contrast, using CMR as a more sensitive technique, the current study demonstrated
subclinical attenuation of systolic function after cisplatin-based chemotherapy, but not
after one course of carboplatin. This functional impairment was observed after a
threshold of two cycles of cisplatin-based combination chemotherapy (at = 200 mg/m?
cumulative dose) without further dose-dependent decline beyond that, although data
on this association are clearly still limited. These findings indicate PBCT has more
extensive effects on the heart than known so far. This observation is supported by a
previous in vivo study which described cisplatin-induced development of LV
dysfunction and depressed cardiomyocyte contraction in mice which was associated
with mitochondrial abnormalities, endoplasmic reticulum stress response and
apoptosis.?? However, considering the results of Bjerring et al. with a longer follow-up
of 30 years, the observed subclinical changes in systolic function might not necessarily

progress to clinical manifestation of heart failure.® In a population-based cohort study
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mortality due to non-ischemic cardiac disease was increased in GCC survivors
following combined chemo- and radiotherapy, but not after chemotherapy alone.?
Nevertheless, in the current study 4 out of 45 asymptomatic survivors had decreased
LVEF, raising the question, whether specific cardiological examinations e. g. CMR

should be included into the follow-up routine of GCC survivors.

The lower T1 values strongly indicated myocardial tissue changes after PBCT
compared to controls. A decrease of native T1 values in patients shortly after
anthracycline administration has previously been described and identified as a
predictor of subsequent anthracycline-induced cardiomyopathy.?* The two main
determinants of an increase in native T1 values are myocardial edema and increased
interstitial space, e.g. because of diffuse interstitial fibrosis or amyloid deposition. A
decrease in native T1 is described in iron or lipid overload.?® Interestingly, we found
that worse systolic functional parameters in survivors correlated with a decrease in
native T1 values, pointing towards functional consequences of these tissue alterations.
It remains unclear which myocardial tissue alterations underlie the detected native T1
decrease in GCC survivors. However, decreased T1 values, no differences in ECV
compared to healthy controls, and lower ECV in survivors with LVEF below 55% argue
against diffuse interstitial fibrosis in the myocardium of GCC survivors. Instead, the
current study revealed a high prevalence (18%) of focal myocardial fibrosis as
identified by mid-wall/subepicardial LGE. Previous studies reported non-ischemic LGE
in 4-9% of cancer patients and in 2.8-4% of healthy individuals.?6® The clinical
significance of non-ischemic LGE in cancer survivors remains unclear. In general,
presence of LGE has a prognostic value in patients with preexisting heart disease,
whereas subjects with minor non-ischemic LGE and no further structural or functional

cardiac abnormalities are considered to have a favorable outcome.20-2°
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Lower T1 values in patients with anamnestic arterial hypertension and association of
lower HDL with worse LV GLS indicate that the observed functional changes and tissue
alterations might be a secondary sequela. However, these associations were not
robustly detected for all functional parameters. Based on this study we cannot draw a
conclusion on whether the observed cardiac effects are a result of direct
chemotherapy-induced cardiotoxicity or rather a secondary result of metabolic

changes or arterial hypertension.

Our study has some shortcomings. A maijor limitation of CMR imaging is that diastolic
function cannot be validly assessed. Furthermore, this study does not allow to
differentiate which chemotherapy agent is the cause of the observed cardiac effects.
Even though almost every chemotherapy cycle contained a platinum agent, most
survivors had also received several cycles of bleomycin and etoposide. However,
survivors treated with only one cycle of carboplatin single agent did not seem to be at
increased risk. Longitudinal studies with baseline CMR examinations and a longer
follow-up are needed in order to elucidate the clinical significance and prognostic value

of the subclinical systolic impairment observed in this cohort.

In conclusion, this study revealed for the first time that subclinical attenuation of
biventricular systolic function characterized by decreased EF and myocardial
deformation, and changes in myocardial tissue characteristics can be detected in long-
term asymptomatic GCC survivors following PBCT. This study emphasizes the need
for more in depths investigations into the risk of cardiotoxicity associated with PBCT
and points to the importance of long-term cardiovascular follow-up in GCC survivors
as well as to education programs to avoid additional cardiac risk behavior in this

survivorship population.
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Tables

Table 1. Baseline characteristics of GCC survivors compared to controls.

Demographics, median (range) GCC survivors Controls p value
’ (n=44) (n=21)

Age, years 44 (22-66) 44 (22-67) 0.614

Weight, kg 88 (67-125) 85 (563-120) 0.370

Height, m 1.83 (1.7-1.95) | 1.83 (1.65-1.95) 0.457

Body surface area, m? 2.1(1.83-2.51) | 2.06 (1.57-2.47) 0.313

Body mass index, kg/m? 27 (20-36) 25 (20-35) 0.421

Abbreviations: GCC, germ cell cancer.
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Table 2. Tumor characteristics and chemotherapy regimens.

GCC survivors
(n=44)
Diagnosis, No. (%)

Seminoma 16 (36)

Non-Seminoma 28 (64)
Initial disease stage, No. (%)

| A-B 11 (25)

Il A-C 20 (45)

Il A-C 13 (30)
Time of follow-up, years, median (range) 10 (4-22)
Number of therapy lines, No. (%)

1 33 (75)

2 6 (14)

3 4 (9)

4 1(2)
Number of platinum-based chemotherapy cycles, No. (%)

1 7 (16)

2 4 (9)

3 12 (27)

4 12 (27)

25 9 (21)
Chemotherapy regimens, No. (%)

18t line carboplatin AUC7 7 (16)

+ PEB 1(2)
+ PEI + HD PEI + GOP 1(2)
1st line PEB* 28 (64)
+ HD CE 2 (5)
+ HD CE + TI 2 (5)
+ PEI 2 (5)
+ PEI + HD CE 1(2)

1stline PEI** 5(11)

+ HD PEI 1(2)
+ Tl + HD CE 1(2)

13t line cisplatin/etoposide 2 (5)

15t line HD PEI 2 (5)
Total high dose chemotherapy, No. (%) 10 (23)
Abbreviations: AUC, area under the curve; CE, carboplatin/etoposide; GCC, germ cell
cancer; GOP, gemcitabine/oxaliplatin/paclitaxel; HD, high dose; PEB
cisplatin/etoposide/bleomycin; PEI, cisplatin/etoposide/ ifosfamide; TI,
paclitaxel/ifosfamide.

* one patient was switched to cisplatin/etoposide and one was switched to PEI due to
bleomycin-toxicity
**one patient received first cycle without ifosphamide due to intensive care stay

19



Table 3. Myocardial tissue characteristics in GCC survivors depending on
LVEF.

LVEF <55% | LVEF 255%
(n=21) (n=23) | Pvalue
Native T1 time, ms, mean +SD 1191 £22 1211 £25 0.007
ECV, %, mean +SD 242114 25.6 £1.9 0.008
LGE presence (non-ischemic), No. (%) 4 (19) 4 (17) -

Abbreviations: ECV, extra cellular volume; LGE, late gadolinium enhancement; LVEF, left
ventricular ejection fraction.
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Table 4. Clinical characteristics and cardiac parameters depending on number
of platinum-based chemotherapy cycles.

Platinum-based chemotherapy

1 cycle 22 cycles p value
(n=7) (n=37)
Demographics, median (range)
Age, years 44 (29-55) 44 (22-66) 0.832
Follow-up, years 10 (6-22) 10 (4-22) 0.919
Height, m 1.78 (1.7-1.87) | 1.83 (1.75-1.95) | 0.212
Weight, kg 77 (72-100) 90 (67-125) 0.023
BMI, kg/m? 24 (22-29) 27 (20-36) 0.111
BSA, m? 2.02 (1.83-2.25) | 2.13(1.87-2.51) | 0.025
Medical history, No. (%)
Dyslipidemia 2 (29) 6 (16) 0.593
Diabetes mellitus - 2 (5)
Arterial hypertension 1(14) 7 (19) 0.624
Former or active smoker 3 (43) 17 (46) 0.606
Antihypertensive Medication 1(14) 8 (22) 0.557
Lipid-lowering drug 1(14) 1(3) 0.296
Cardiac parameters, mean +SD
Heart rate, beats/min 66 +15 68 +13 0.683
Left heart
LVEF, % 62 £5 54 +5 <0.001
LV mass index, g/m? 53 £5 59 15 0.270
LVEDVi, mL/m? 85 £13 87 +14 0.733
LVESVi, mL/m? 32 6 40 +8 0.023
LVSVi, mL/m? 53 +9 47 +8 0.072
LAEDVi, mL/m? 14 4 16 7 0.398
LAESVi, mL/m? 30 9 33 19 0.442
Right heart
RVEF, % 53 7 49 +7 0.2
RVEDVi, mL/m? 92 £16 89 +15 0.526
RVESVi, mL/m? 43 £10 45 +10 0.643
RVSVi. mL/m? 49 +10 44 +9 0.138
RAEDVi, mL/m? 28 18 25 18 0.379
RAESVi, mL/ m? 44 +6 41 12 0.501
Strain parameters
LV GLS, % -14 +2 -13 2 0.339
LV GCS, % -16 +2 -13 +2 <0.001
LV GRS, % 20 +8 20 16 0.865
RV GLS, % -16 +6 -15 4 0.642
RV FWLS, % -18 +9 -19 +6 0.740
RV GCS, % -10 +2 -8 +3 0.046
LGE presence, No. (%)
Non-ischemic LGE - 8 (22)

Ischemic LGE

1(2)

Mapping parameters
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Native global T1, ms 1207 +21 1201 +26 0.531

Native global T2, ms 45 +3 45 +3 0.707

ECV, % 26 12 25 12 0.053

Laboratory Findings, mean +SD

Cholesterol (mg/dl) 181 £31 203 38 0.082
HDL (mg/dl) 50 £12 46 £12 0.207
LDL (mg/dl) 104 +28 123 £33 0.081
Testosteron 6 +3 4 +2 0.002
Troponin (pg/ml) 3 +2 9 £25 0.535
NT-proBNP (ng/L) 45 £12 49 +33 0.727
Creatinine (mg/dl) 0.9 0.1 1.1 0.2 0.027
GFR (ml/Min) 100 £16 87 £16 0.025

Abbreviations: BMI, body mass index; BSA, body surface area; ECV, extracellular volume;
FWLS, free wall longitudinal strain; GCC, germ cell cancer; GCS, global circumferential
strain; GFR, glomerular filtration rate; GLS, global longitudinal strain; GRS, global radial
strain; HDL, high density lipoprotein; LA, left atrial; LAEDVi, left atrial end-diastolic volume
index; LAESVi, left atrial end-systolic volume index; LDL low density lipoprotein; LGE, late
gadolinium enhancement; LV, left ventricular; LVEDVi, left ventricular end-diastolic volume
index; LVEF, left ventricular ejection fraction; LVESVi, left ventricular end-systolic volume
index; LVSVi, left ventricular stroke volume index; RA, right atrial; RAEDVi, right atrial end-
diastolic volume index; RAESVi, right atrial end-systolic volume index; RV, right ventricular;
RVEDVi, right ventricular end-diastolic volume index; RVESVi, right ventricular end-
systolic volume index.
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Figure Legends

Figure 1. Systolic function in germ cell cancer survivors compared to age-
matched controls.

Left and right ventricular systolic functional parameters were assessed by cardiac
magnetic resonance imaging in asymptomatic germ cell cancer survivors after
platinum-based chemotherapy (n=44) and age-matched healthy controls (n=21): (A)
Left ventricular ejection fraction (LVEF), (B) right ventricular ejection fraction (RVEF),
(C) LV global longitudinal strain (GLS), (D) RV GLS, (E) LV global circular strain (GCS),
(F) RV GCS, (G) LV global radial strain (LV GRS), and (H) RV free wall longitudinal

strain (FWLS) are shown. Data are presented as mean £SD. T-Test was performed.

Figure 2. Myocardial tissue alterations in germ cell cancer survivors.

Myocardial tissue was characterized by cardiac magnetic resonance imaging in germ
cell cancer survivors after asymptomatic platinum-based chemotherapy (n=44) and
age-matched healthy controls (n=18) by T1/T2 mapping. (A) Native T1 time, (B) native
T2 time, and (C) extra cellular volume (ECV) were assessed. Data are presented as

mean +SD. T-Test was performed.

Figure 3. Non-ischemic LGE in germ cell cancer survivors.

Myocardial tissue was characterized by cardiac magnetic resonance imaging in
asymptomatic germ cell cancer survivors after platinum-based chemotherapy (n=44)
and age-matched healthy controls (n=21) by late gadolinium enhancement (LGE)
imaging. Short-axis and long-axis images of eight germ cell cancer survivors with non-
ischemic LGE are shown. Arrows indicate non-ischemic LGE lesions. LGE lesions are

predominantly located at subepicardial, and mid-wall left ventricular segments. Two
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patients had LGE lesions located at the posterior right ventricular insertion point

(survivor 3 and 8).

Figure 4. LVEF impairment after two cycles of platinum-based chemotherapy.
Graph shows left ventricular ejection fraction (LVEF) in germ cell cancer survivors
(n=44) measured by cardiac magnetic resonance imaging for subgroups depending

on the number of platinum-based chemotherapy cycles received. T-test was applied.
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Figure 1. Systolic function in germ

matched controls.
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Supplementary Data
Supplementary Material and Methods
CMR data analysis

Corresponding short-axis maps were used to carefully delineate endo- and epicardial
contours with 10% endo- and epicardial offsets to avoid contamination. Evaluation of
LV and RV volumes and LV mass was performed in standard fashion using short-axis
cine images.' The presence of LGE was visually analyzed. LGE areas were excluded
for T1 and ECV quantification. Extracellular volume (ECV) fraction was calculated
using a previously validated equation.? CMR parameters are presented as mean of two

observers and indexed to the body surface area (BSA).

Myocardial strain values were generated based on cine CMR images using feature-
tracking software Segment (version 2.1.R.6108, Medviso, Lund, Sweden).® GLS and
global radial strain (GRS) were derived from three long-axis (2-, 3-, and 4-chamber
views) cine series, whereas GCS was measured on three short-axis (apical, mid, and
basal slices) cine series. Endo- and epicardial contours were manually delineated on
end-diastolic images and were then automatically propagated by the software

throughout the cardiac cycle generating myocardial strain.?

1. Schulz-Menger J, Bluemke DA, Bremerich J, et al. Standardized image interpretation and post
processing in cardiovascular magnetic resonance: Society for Cardiovascular Magnetic Resonance
(SCMR) board of trustees task force on standardized post processing. J Cardiovasc Magn Reson. May
12013;15(1):35. doi:10.1186/1532-429x-15-35

2. Kellman P, Wilson JR, Xue H, Ugander M, Arai AE. Extracellular volume fraction mapping in
the myocardium, part 1: evaluation of an automated method. Journal of Cardiovascular Magnetic
Resonance. 2012/09/10 2012;14(1):63. doi:10.1186/1532-429X-14-63

3. Morais P, Marchi A, Bogaert JA, et al. Cardiovascular magnetic resonance myocardial feature
tracking using a non-rigid, elastic image registration algorithm: assessment of variability in a real-life
clinical setting. J Cardiovasc Magn Reson. Feb 17 2017;19(1):24. doi:10.1186/s12968-017-0333-y



Supplementary Table 1. Cardiac parameters of GCC survivors compared to

controls.
GCC survivors Controls
(n= 44) (n=21) | pvalue
Left heart, mean +SD
Heart rate, beats/min 68 £13 67 13 0.379
LV cardiac index, L/min/m? 3.2 £0.69 3.2 £0.71 0.443
LVEF, % 56 £5 59 15 0.017
>55%, No. (%) 23 (52) 18 (86) -
50%-54%, No. (%) 18 (41) 3 (14) -
<50%, No. (%) 3(7) - -
LV mass index, g/m?, 58 +11 58 £12 0.992
LVEDVi, mL/m? 87 14 83 £18 0.388
LVESVi, mL/m? 39 £9 35 £10 0.084
LVSVi, mL/m? 48 +8 49 +9 0.793
LAEDVi, mL/m? 16 7 13 +4 0.133
LAESVi, mL/m? 33 19 30 £8 0.2
Right heart, mean +SD
RVEF, % 50 £7 55 7 0.008
RVEDVi, mL/m? 89 £15 83 £15 0.111
RVESVi, mL/m? 45 +10 38 £11 0.01
RVSVi, mL/m? 44 +10 45 +9 0.789
RAEDVi, mL/m? 25 18 23 18 0.332
RAESVi, mL/ m? 42 11 39 £15 0.446
Strain parameters, mean +SD
LV GLS, % -13 £2 -15 +1 <0.001
LV GCS, % -14 £2 -16 £2 <0.001
LV GRS, % 20 6 23 15 0.072
RV GLS, % -15 4 -19 +4 0.005
RV FWLS, % -19 16 -21 16 0.13
RV GCS, % -9 +3 -0 +3 0.38
LGE presence, No. (%)
Non-ischemic LGE 8 (18) - -
Ischemic LGE 1(2) - -
Mapping parameters, mean +SD (n=44) (n=18)
Native global T1, ms 1202 +25 1226 +37 0.016
Native global T2, ms 45 +3 46 +4 0.19
ECV, % 25 +2 24 £3 0.78

Abbreviations: ECV, extracellular volume; FWLS, free wall longitudinal strain; GCC, germ
cell cancer; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global
radial strain; LA, left atrial; LAEDVi, left atrial end-diastolic volume index; LAESVi, left atrial
end-systolic volume index; LGE, late gadolinium enhancement; LV, left ventricular; LVEDVi,
left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction; LVESVi,
left ventricular end-systolic volume index; LVSVi, left ventricular stroke volume index; RA,
right atrial; RAEDVi, right atrial end-diastolic volume index; RAESVi, right atrial end-systolic
volume index; RV, right ventricular; RVEDVi, right ventricular end-diastolic volume index;
RVESVi, right ventricular end-systolic volume index.




Supplementary Figure 1. Flow chart of recruitment of study participants

205 GCC survivors screened

92 did not fulfill inclusion criteria
60 did not receive chemotherapy
l ““““ > 4 received additional radiation
67 declined or current contact details missing

l ——————— » | 1 withdrew consent due to claustrophobia

_______ > 1 excluded due to extensive ischemic
myocardial scar

44 included in analysis
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6 Discussion

6.1 Acute effect of an endurance race on myocardial deformation

Chapter 2 presents a study on the acute changes in biventricular and biatrial
myocardial strain in competitive triathletes after an endurance exercise. Subgroup
analysis was also conducted to investigate the influence of focal myocardial fibrosis on
acute changes of myocardial strain in triathletes with focal myocardial fibrosis (LGE+).

6.1.1 Post-race alterations in biventricular strain

Our findings demonstrated that LV GLS showed a declining trend, whereas LV GCS
and GRS increased after an endurance race. Recent evidence supports post-race
alterations in LV myocardial strain. LV GLS was attenuated in 10 recreationally active
men after 90-min high-intensity cycling, but not after 120-min moderate-intensity
cycling (Stewart et al., 2017). LV GLS and GCS decreased following a 180-min
strenuous cycling exercise (Vitiello et al., 2013). A tendency of a reduction in LV GLS
was observed in master athletes after running an ultra-marathon, while their LVEF
remained constant (Cavigli et al., 2022). There may be some underlying reasons for
these discrepancies. First, the average CMR acquisition time pre- and post-race in our
study was 2.3 hours and thus later than in the aforementioned studies, which might
have provided a longer recovery period. Second, the duration and components of
exercise were different. Third, strain parameters are not only a measure of intrinsic
myocardial contractility, but are also influenced by cardiac load (i.e., blood pressure,
LV volume) and structure (Ferferieva et al., 2012). It is also worth noting that there is
potential influence of different imaging techniques (CMR-FT vs. speckle tracking
echocardiography). Further, the increase in LV GCS and GRS might be a
compensatory mechanism for the loss of longitudinal mechanical function, as observed
in early stages of progressive myocardial disease (Claus et al., 2015).

RV GLS and FW longitudinal strain did not differ before and after the race, whereas
GCS was elevated. Previous studies demonstrated a transient deterioration of RVEF
and RV GLS in athletes after an endurance race (Neilan et al., 2006, La Gerche et al.,
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2012). In line with our findings, Cavigli et al. observed that RV GLS and RV FW
longitudinal strain did not differ between baseline and post-race (Cavigli et al., 2022).
Alterations in RV strain may also occur during different phases of post-race recovery,
and the recovery time may depend on the duration and intensity of the endurance
exercise. The post-race RV end-diastolic volume decreased, possibly followed by an
adaptation of myocardial deformation to maintain normal RVEF according to the Frank-
Starling mechanism (La Gerche et al., 2010). Therefore, we proposed that the increase
in RV GCS observed following an endurance race, again is a potential intrinsic
compensatory mechanism (Claus et al., 2015).

6.1.2 Post-race reduced left atrial strain and constant right atrial strain

In this study, it was observed that LA GLS decreased after the endurance race. Our
findings are in concordance with previous echocardiographic data reporting LA
deformation and volume were reduced immediately after exercise (Santoro et al., 2016,
Oxborough et al., 2010). D’Ascenzi et al. reported that compared to controls, LA
volume increased in elite soccer players and LA GLS was similar (D'Ascenzi et al.,
2011). Cardiac recovery might actually exceed 24 hours (Stewart et al., 2016), the
acquisition window of post-race CMR in our study was within 5 hours, thus exercise-

induced cardiac alterations might have not fully subsided.

In addition, post-race RA GLS remained unchanged, which is partially in line with the
study by Sanz-de la Garza et al., who scrutinized the exercise-dose-dependent
impairment in atrial function (Sanz-de la Garza et al., 2016). Post-race RA strain did
not alter at an exercise load of 14 km, whereas higher exercise loads would result in
atrial contractile dysfunction (Sanz-de la Garza et al., 2016). Atrial contractile function
can be sustained or even potentially increased until advanced stages of disease (Kurt
et al., 2009). Atrial strain responses to different exercise load might mimic the atrial
contractile function at different stages of disease. Thus the variability in post-race atrial
strain may provide additional information on the physiological upper limit of individuals.

6.1.3 Post-race strain in LGE+ triathletes
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A subgroup analysis showed that male triathletes with focal myocardial fibrosis had
similar baseline and post-race myocardial strain. Repetitive and sustained exposure to
high-intensity exercise might induce cardiac microdamage associated with
development of myocardial fibrosis (van de Schoor et al., 2016). A previous publication
by our group reported that CMR-derived post-race diastolic functional variables,
including early peak-filling rate (EPFR), atrial peak-filling rate (APFR) and peak-filling
rate ratio (PFRR), remained stable in triathletes with focal myocardial fibrosis, whereas
higher APFR and reduced PFRR were observed in those without focal myocardial
fibrosis (Tahir et al., 2020). A similar influence of focal myocardial fibrosis on diastolic
filling pattern was also observed in the second project of this thesis. Elevated ECV in
triathletes with focal myocardial fibrosis might be indicative of increased myocardial
stiffness (Tahir et al., 2018, Tahir et al., 2019). Therefore, increased myocardial
stiffness might contribute to the unaltered biventricular and LA strain in triathletes with
focal myocardial fibrosis before and after the race.

To summarize, an endurance race induces acute alterations of myocardial deformation,
which might be one of the mechanisms leading to cardiac remodeling in athlete’s heart.
Post-race alterations of biventricular and left atrial strain are presumed to an intrinsic
compensatory mechanism rather than substantial myocardial dysfunction. Further, the
lack of post-race alterations in strain observed in male triathletes with focal myocardial
fibrosis may be due to increased myocardial stiffness. The combined use of strain
parameters allows a better characterization of cardiac function at rest and post-race
and helps elucidate some of the mechanisms of cardiac adaptation in endurance
athletes.

6.2 Diastolic filling patterns in competitive triathletes

In chapter 3 we investigated the LV diastolic filling patterns in competitive triathletes
compared to sedentary controls by time-volume analyses based on CMR cine images,
and further explored the influence of myocardial fibrosis on LV diastolic filling. In this
project, 101 male triathletes and 28 sedentary controls were recruited. CMR-derived
LV diastolic filling parameters consisted of EPFR, APFR and PFRR
(PFRR=EPFR/APFR). The triathletes showed a high prevalence of focal myocardial

106



fibrosis, and showed two different LV diastolic filling patterns in the presence (LGE+)
and absence (LGE-) of focal myocardial fibrosis.

6.2.1 LGE in triathletes

Focal myocardial fibrosis was detected by CMR-LGE in 20% of triathletes and none of
the controls in this study, the incidence of focal myocardial fibrosis is consistent with
previous studies reporting 0-50% of asymptomatic athletes (Breuckmann et al., 2009,
Bohm et al., 2016, Domenech-Ximenos et al., 2020, Kramer et al., 2013, Wilson et al.,
2011a). Domenech-Ximenos et al. reported that the incidence of LGE was 37.6% in
93 highly trained triathletes, and LGE was more prevalent in athletes than in controls
(Domenech-Ximenos et al., 2020). In a study conducted by Kramer et al., LGE was not
detected in 13 female professional handball players (Kramer et al., 2013). However,
Wilson et al. found LGE in 6 (50%) of a small cohort of veteran endurance athletes
(Wilson et al., 2011a). Bohm et al. demonstrated that LGE was only detected in one of
33 (3%) athletes and long-term intensive endurance training was possibly not
associated with myocardial fibrosis (Bohm et al., 2016). In general, there is a wide
variance regarding the prevalence of LGE in endurance athletes. Age, gender, training
load and duration can be identified as potential contributors to these discrepancies in
the incidence of focal myocardial fibrosis.

Areas of LGE in our cohort were mainly located in LV basal anterolateral, inferolateral,
and inferior segments, which corresponded to a typical non-ischemic LGE pattern. This
pattern is consistent with previous literature reporting that areas of focal myocardial

fibrosis showed a non-coronary pattern (Wilson et al., 2011a).

6.2.2 “Supernormal” LV diastolic filling pattern

In 1989, Douglas described a “supernormal” LV diastolic function as an increased ratio
of echocardiographic rapid to atrial LV filling velocities in the Hawaii Ironman Triathlon
(Douglas, 1989). Previous echocardiographic literature provides more evidence for the
“supernormal” LV diastolic function in endurance athletes in contrast to sedentary
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subjects (Claessens et al., 2001, D'Ascenzi et al., 2011, Szabo et al., 2021). Claessens
et al. reported that triathletes have a “supernormal” diastolic ventricular filling with a
significantly increased E/A ratio (Claessens et al., 2001). D’Ascenzi et al. also
observed an increased peak E and lower peak A velocity resulting in higher E/A ratio
in soccer players, which can be interpreted as an improvement in myocardial passive
diastolic properties (D'Ascenzi et al., 2011). Szabo et al. detected a similar high E/A
ratio in adolescent athletes compared to non-athletes caused by significantly lower A
values, whereas E values were not increased in athletes (Szabo et al., 2021). Our
findings are in line with the previous data, LGE- triathletes showed a comparable
“supernormal” diastolic filling pattern characterized by increased PFRR, which was
attributable to the lower APFR.

LV diastolic filling includes two phases the early active and late passive filling. In the
current study early active filling was similar between LGE- triathletes and controls as
described by EPFR, whereas late passive filling described by APFR showed
differences. Competitive athletes are reported to have a more compliant and
distensible LV than the sedentary population (Bhella et al., 2014). Burgess et al. used
a rat model to demonstrate that, the collagen composition of LV is shifted towards a
greater ratio of type lll to I, and postulated its favorable influence on diastolic function
(Burgess et al., 1996). King et al. used Doppler tissue index to show a reduced
myocardial stiffness in elite endurance athletes compared to controls (King et al., 2008).
Therefore, the “supernormal” LV filling might be attributable to benign adaptations to
exercise due to increased flexibility and elasticity of the myocardium. Endurance
exercise offers benefits, but excessive exercise combined with environmental factors
may predispose to cardiomyopathies. Further studies are still needed to quantify

exercise intensity and environmental influence required to reach the threshold.

6.2.3 “Pseudo-normalization” LV diastolic filling pattern in LGE+ triathletes

The triathletes in this study were divided into LGE+ and LGE- groups according to the
presence or absence of focal myocardial fibrosis. According to our findings, LGE+
triathletes demonstrated a LV diastolic filling pattern similar to sedentary controls but
distinct from LGE- triathletes, which was characterized by increased APFR and
consequently decreased PFRR. While diffuse myocardial fibrosis is difficult to be
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identified through macroscopic LGE, ECV could potentially detect diffuse myocardial
fibrosis missed by LGE (Kellman et al., 2012a). An earlier study using T1 mapping
assessed myocardial injury in apparently normal myocardium of patients with
myocarditis and demonstrated hidden myocardial injury with significantly higher native
T1 and ECV compared to healthy volunteers (Radunski et al., 2017). In the current
study, increased myocardial native T1 and ECV were also detected in normal
appearing myocardium in LGE+ compared to LGE- triathletes. Thus we might assume
that the apparently normal myocardium of LGE+ triathletes may also suffer from a
diffuse pathological fibrotic process.

Apart from benefits regarding the LV compliance and distensibility, long-term rigorous
exercise might also be associated with non-physiological LV hypertrophy and
myocardial fibrosis, increasing LV myocardial stiffness and decreasing LV compliance,
resulting in cardiac dysfunction (Waterhouse et al., 2012). Recently, Lee et al. reported
that the degree of ECV is associated with a deterioration of LV relaxation and
compliance in patients with aortic stenosis (Lee et al., 2020). Hence, the LV diastolic
filling patterns in LGE+ triathletes might be influenced by diffuse myocardial fibrosis as
well as increased LV mass. Based on the different LV diastolic filling patterns between
the two subgroups, we propose a hypothesis that focal and diffuse myocardial fibrosis
may have an impact on the LV diastolic filling pattern. In particular, LGE+ triathletes
show a compensatory increase in APFR compared to LGE- triathletes to maintain a
“pseudo-normal” LV diastolic filling. In addition, the thin-walled left atrium is afterload
sensitive, with a decrease in LV compliance, the increased load imposed on the atrium
eventually might lead to further LA dilatation and remodeling, acting as a marker of
chronic diastolic burden (Sachdev et al., 2005). When triathletes develop myocardial
fibrosis, the “pseudo-normalization” of LV diastolic filling in LGE+ triathletes may
indicate a loss of adaptive benefits compared to LGE- triathletes. This loss could also
be considered as the effect of insufficient recovery or reduced capability for adaptation
due to pathologic myocardial fibrosis.

Time-volume analysis by CMR provides a better characterization of the LV diastolic
filling patterns in endurance athletes, brings more implications on understanding and
differentiating a physiologic and pathologic cardiac phenotype induced by physical
activity and potentially might help evaluate the need for observation or even treatment.
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6.3 Alterations of myocardial deformation in resistant hypertension

In chapter 4, we analyzed the alterations of LV myocardial deformation in patients with
resistant hypertension compared to normotensive controls using FT-CMR. This work
demonstrates that variations of LV myocardial strain are attributable to the degree of
myocardial impairment in resistant hypertensive patients. Attenuation of LV GLS and
GRS, and GCS decline by tendency might be adaptive changes responding to
prolonged pressure overload, whereas preserved GCS might constitute a LV
compensatory mechanism. Moreover, focal myocardial fibrosis visualized by LGE has
a high incidence in patients with resistant hypertension and is associated with a
reduced LV GRS.

6.3.1 Strain alteration responding to long-standing pressure overload

The findings from the strain analysis indicated a reduction in both LV GLS and GRS,
while GCS did not exhibit a statistically significant difference but demonstrated a
decreasing trend in resistant hypertensive patients. Several possible explanations may
account for these variations. LV myocardial strain is sensitively influenced by afterload
(Donal et al., 2009) and its alterations depend on the fiber structure and local wall
stress (Baltabaeva et al., 2008). Longitudinal strain denotes the contraction of the
subendocardial fibers, circumferential strain represents the contraction of the
subepicardial fibers, and both contribute to radial strain (Claus et al., 2015). LV
subendocardial myocardial fibers are more vulnerable to increased wall stress, and are
more easily injured in the early stage of hypertension (Kang et al., 2008, Imbalzano et
al., 2011). Thus longitudinal strain can be a sensitive marker for subclinical LV

dysfunction.

In contrast to longitudinal strain, the changes in circumferential and radial strain are
more complicated, in particular with the progression of hypertension and the presence
of LV hypertrophy. Imbalzano et al. utilized speckle-tracking echocardiography to
measure strain in hypertensive patients with and without LV hypertrophy and found
that both groups had reduced longitudinal strain. However, those with LVH had
decreased radial strain and increased circumferential strain (Imbalzano et al., 2011).
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Similarly, Wang et al. observed a reduction in all three directional strain in patients with
systolic heart failure, whereas patients with diastolic heart failure and preserved LVEF
had reduced longitudinal and radial strain, but circumferential strain was preserved
(Wang et al., 2008). Our cohort revealed a decline in GLS and GRS, whereas GCS
was preserved in analogy. Additionally, 56% of the enrolled patients demonstrated LV
hypertrophy that could possibly be associated with sustained high blood pressure. The
anatomic difference of myocardial fibers may explain the potential robustness of
circumferential strain under circumstance of significant clinical LV dysfunction
(Mangion et al., 2017). Therefore, variations of LV myocardial strain are likely
associated with different stages of hypertensive heart disease.

From the above findings, we conclude that attenuation of LV GLS and GRS in patients
with resistant hypertension might constitute a LV adaptation responding to a long-
standing pressure overload. The tendential decrease of GCS can be explained with
subepicardial layers suffering less impairment in this cohort, which might constitute a
LV compensatory mechanism.

6.3.2 LGE in resistant hypertension

Previous studies reported a prevalence of LGE of 18%-29.9% in hypertensive patients
(Wang et al., 2017, lyer et al., 2022). Our work detected LGE in 42% of patients with a
predominantly non-ischemic pattern. This finding indicates that resistant hypertension
is likely to be associated with a higher prevalence of LGE than controlled hypertension.

The severity and duration of hypertension are responsible for the development of
cardiac remodeling (Kuruvilla et al., 2015). LGE+ patients in the current study had a
higher LV mass index. Increased LV mass in cardiac remodeling is induced by
expanded extracellular interstitium and myocardial cell volume (Rodrigues et al.,
2017). Importantly, in the presence of an expanded interstitium, the progression of
interstitial fibrosis eventually leads to focal replacement fibrosis (lyer et al., 2022).
Increased collagen deposition in the extracellular interstitium induces stiffness and
reduction of end-diastolic myofiber length, finally resulting in attenuated contraction
(Pichler et al., 2020).
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While LGE- patients exhibited a comparable GRS to healthy controls, a worsening
GRS was observed in LGE+ patients. Radial strain usually has large ranges, and the
variability of segmental strain remains rather high (Claus et al., 2015). Despite this,
radial strain has demonstrated the ability to predict clinical outcomes in hypertrophic
cardiomyopathy (Smith et al., 2014) and exhibits superior predictive performance for
scar transmurality compared to longitudinal strain (Maret et al., 2009). However, the
underlying mechanism behind attenuated radial strain remains elusive. Radial strain
reflects the global myocardial function in the radial direction, which is influenced by the
deformation of all myocardial layers. As such, the different GRS between patients with
and without LGE suggests that focal myocardial fibrosis visualized by LGE is
associated with the reduction of LV GRS.

By applying CMR-FT analysis to assess strain alterations, combined with visualization
for focal myocardial fibrosis by LGE, more insights can be obtained into the extent of
myocardial layer impairment resulting from long-standing pressure overload and

myocardial fibrotic process on cardiac deformation in resistant hypertension.

6.4 Platinum-related impairment in cardiac function and myocardial

tissue

Testicular cancer is the most common solid malignancy among young adult men and
its incidence has risen over the past two decades (Cheng et al., 2018). Nowadays
platinum-based chemotherapy is the mainstay of the treatment for testicular cancer,
which has a high cure rate due to an excellent sensitivity to platinum-based
chemotherapy and in combination with a variety of other treatments (Hanna and
Einhorn, 2014). The chemotherapy-induced side effects also cause concerns in regard
to cardiotoxicity. Platinum-containing chemotherapy has been reported to increase the
risk of cardiovascular disease in testicular cancer survivors (van den Belt-Dusebout et
al., 2007, Huddart et al., 2003), and deterioration of diastolic function also occurs
(Altena et al., 2011). Given the increased cardiovascular risk may offset partial survival
benefit, there is a need to investigate the possible cardiac impairment induced by
platinum-based chemotherapy in testicular cancer survivors in order to improve long-

term outcomes.
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In Chapter 5, multiparametric CMR imaging was used to investigate the long-term
cardiac impairment caused by platinum-based chemotherapy in germ cell cancer
survivors. This work provides several insights into the characteristics of late cardiac

impairment.

6.4.1 Attenuation in biventricular systolic function

Systolic function decreased in germ cell cancer survivors during a median follow-up of
10 years characterized by decreased biventricular EF and myocardial deformation
after completion of platinum-based chemotherapy. Similarly a prior echocardiographic
study also reported an impaired RV function, but there was no reduction in LV systolic
function in female germ cell cancer survivors after platinum-based chemotherapy
(Murbraech et al., 2015). Further, Bjerring et al. (Bjerring et al., 2021) did not observe
any impairment in LV systolic function in long-term testicular cancer survivors. The
subgroup analysis based on the chemotherapy cycle demonstrated that the functional
impairment emerged after a threshold of two-cycles of chemotherapy. The
explanations for these differences are controversial, but might correlate with
heterogeneities in both follow-up time and cumulative dosage of chemotherapy.

In addition, it is worth noting that a decline in biventricular GCS was observed in
survivors who received two or more cycles of chemotherapy compared to those with
one cycle of chemotherapy. However, other strain parameters (biventricular GLS and
RV FW longitudinal strain) did not differ. The association between cumulative dosage
of chemotherapy and GCS hints that GCS may serve as the most sensitive indicator
for subclinical systolic dysfunction among the three strain components following
treatment with platinum-based chemotherapy. Previous literature reported that
contraction of the subendocardial fibers contributes to longitudinal shortening, whereas
contraction of the subepicardial fibers contributes to circumferential shortening and
both aspects contribute to radial thickening (Claus et al., 2015). These anatomic
differences of myocardial fibers may explain the potential superiority of circumferential
strain in detecting clinically significant LV dysfunction (Mangion et al., 2017). As such,
it is possible that the preserved GCS constitutes a compensatory mechanism to

maintain biventricular EF.
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6.4.2 Alterations in myocardial tissue characteristics

Non-ischemic focal myocardial fibrosis occurred in 8 (18%) survivors and an ischemic
pattern in one (2%) survivor. Previous data on the prevalence of LGE ranges from 0%
to 19%, and its association with cancer chemotherapies is still controversial (Modi et
al., 2021, Harries et al., 2019, Maestrini et al., 2017). Moreover, focal myocardial
fibrosis detected by LGE is considered to be one of the characteristics of anthracycline-
induced cardiomyopathy (Harries et al., 2019). Data on the prevalence of LGE in
survivors receiving platinum-based chemotherapy is scarce. Therefore, the clinical
significance of LGE and its incidence in relation to platinum-based chemotherapy

needs further investigation.

Survivors showed declined global native T1 compared with healthy controls.
Decreased native T1 usually occurs in iron or lipid overload (Radenkovic et al., 2017).
It is still not clear whether the decline in native T1 is associated with abnormal lipid
deposition in this study. An early decrease of native myocardial T1 after the first
administration of anthracycline is linked to subsequent development of anthracycline-
induced cardiomyopathy (Muehlberg et al., 2018). Attenuation in biventricular systolic
function can be regarded as the functional consequences of alteration in myocardial

tissue.

Platinum-induced cardiotoxicity may occur through both direct and indirect pathways.
Cisplatin directly damages cardiomyocytes due to endothelial activation and apoptosis
(Nuver et al., 2010), or through mitochondrial damage and oxidative stress (Dugbartey
et al., 2016). This direct damage of cardiomyocytes can be mirrored by increase in
troponin and N-terminal pro-brain natriuretic peptide (NT-proBNP), directly indicating
the cardiomyocyte loss. However, as our findings show, this early preclinical
cardiotoxicity manifested by elevated biomarkers cannot be observed in long-term
survivors (Omersa et al., 2017). Furthermore, platinum-based chemotherapy affects
the heart also through indirect damage by a secondary toxic effect through
nephrotoxicity (Oun et al., 2018). The pathophysiology behind this observed platinum-
related cardiotoxicity is still not completely understood, but the cardiac impairment
detected by CMR might provide more evidence.
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In summary, the observed deterioration in biventricular systolic function, myocardial
deformation and tissue alterations may suggest the existence of platinum-related
cardiomyopathy. The application of CMR imaging can help to understand the
underlying mechanisms behind the chemotherapy-induced cardiotoxicity and to

monitor the resulting cardiac impairment in long-term cancer survivors.

6.5 Concluding remarks

CMR imaging is widely regarded as the gold standard for assessing cardiac
morphology and function. In this thesis, we applied a vast array of CMR techniques to
evaluate different cardiac alterations, including athlete’s heart, myocardial impairment
in resistant hypertension, and platinum-related cardiotoxicity. The application of FT-
CMR allows an improved characterization of cardiac function at rest and after race,
and helps understand the mechanisms of cardiac adaptation in endurance athletes.
Furthermore, the combined use of FT- and LGE-CMR provides tools to explore the
extent of myocardial impairment. Time-volume analysis by CMR provides a better
characterization of LV diastolic filling patterns in endurance athletes, which has
important implications for differentiating physiologic and pathologic cardiac phenotypes
induced by physical activity. Lastly, the application of multiparametric CMR imaging
helps to comprehend the underlying mechanisms of chemotherapy-induced
cardiotoxicity and to monitor the corresponding cardiac impairment in long-term cancer
survivors. This thesis highlights the vital role of CMR imaging in assessing different
cardiac alterations in terms of cardiac function, myocardial deformation, and tissue

characterization.
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7 Summary

Cardiac magnetic resonance (CMR) imaging as the gold standard for functional and
morphological assessment of the heart offers further insights into cardiac alterations.
While recent research has shed light on cardiac alterations in athlete's heart, resistant
hypertension, and platinum-related cardiotoxicity, the mechanisms of cardiac
alterations still need further elucidation, and quantitative analysis of myocardial
deformation and tissue impairment remains limited. To address the aforementioned
question, the overarching purpose of this thesis is applying a range of CMR techniques

to assess the above representative cardiac alterations.

In the first project, we investigated the subtle alterations in myocardial deformation in
triathletes with and without myocardial fibrosis after an endurance race using the
feature-tracking (FT) technique. Our results indicate that diverse post-race alterations
in myocardial strain suggest a compensatory mechanism following an acute bout of
endurance exercise. Triathletes with focal myocardial fibrosis did not manifest any
acute changes in strain, potentially due to increased myocardial stiffness.

In the second project, we identified adaptive changes of left ventricular (LV) diastolic
function in triathletes and analyzed the influence of myocardial fibrosis on diastolic
filling patterns using time-volume analysis. This work suggests that a “supernormal”
diastolic filling pattern in triathletes is possibly induced by endurance exercise due to
increased LV flexibility and elasticity. It also proposes a “pseudo-normalization” of
diastolic filling patterns characterized by a compensatory increase in atrial contraction
in triathletes with focal myocardial fibrosis, potentially resulting from reduced passive

elasticity.

In the third project, we performed the FT technique to evaluate the alterations of LV
myocardial deformation in patients with resistant hypertension. This work reveals that
varying attenuation of LV myocardial strain might be associated with the adaptive
changes responding to long-standing pressure overload. This project advances our
understanding of the influence of myocardial fibrosis on the impairment of myocardial
layers according to the alterations in different components of myocardial deformation.
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In the fourth project, we applied multiparametric CMR to explore the long-term effect
of platinum-based chemotherapy on cardiac impairment in germ cell cancer survivors.
Our findings indicate that platinum-based chemotherapy has a long-term negative
impact on systolic function, deformation, and myocardial tissue. This work emphasizes
the need to further investigate the mechanisms of platinum-related cardiotoxicity and
points to the importance of long-term cardiovascular follow-up in this particular group

of cancer survivors.

Overall, the FT technique allows a more thorough characterization of myocardial
deformation in endurance athletes at rest and after race, and offers deep insights into
the influence of prolonged pressure overload and myocardial fibrotic process on
cardiac deformation. Furthermore, CMR imaging helps to elucidate the effects of
myocardial fibrosis on LV diastolic filling patterns and platinum-induced cardiotoxicity.
This thesis emphasizes the crucial role of CMR imaging in assessing different cardiac
alterations in terms of cardiac function, myocardial deformation, and tissue

characterization.
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8 Zusammenfassung

Die kardiale Magnetresonanztomographie (CMR) gilt als Goldstandard fur die
funktionelle und morphologische Beurteilung des Herzens. Wahrend die jlngste
Forschung die kardialen Veranderungen bei Sportlern, bei Patienten mit resistenter
arterieller Hypertonie und die Platin-assoziierte Kardiotoxizitat thematisiert, sind die
Mechanismen dieser kardialen Veranderungen nicht endgultig verstanden. Zudem
sind quantitative Analysen der myokardialen Deformation und der Gewebeschadigung
eher begrenzt. Um diese Themenbereiche weiter aufzuleuchten, werden in dieser

Arbeit eine Reihe von CMR-Techniken angewandt.

Im ersten Projekt untersuchten wir subtile Veranderungen der Myokardverformung bei
Triathleten mit und ohne Myokardfibrose nach einem Ausdauerwettkampf mithilfe der
Feature-Tracking-Technik (FT). Unsere Ergebnisse deuten darauf hin, dass
kompensatorische Veranderungen der Myokardverformung nach einem Wettkampf
induziert werden. Die Subgruppe von Triathleten mit fokaler Myokardfibrose zeigten
dagegen keine akuten Veranderungen nach dem Wettkampf, was moglicherweise auf
eine erhohte Myokardsteifigkeit zuruckzufuhren ist.

Im zweiten Projekt haben wir adaptive Veranderungen der diastolischen Funktion des
linken Ventrikels (LV) bei Triathleten und den Einfluss der Myokardfibrose auf das
diastolische Fullungsmuster mit Hilfe von Zeit-Volumen-Analysen untersucht. Diese
Arbeit zeigt, dass ein "supernormales" diastolisches Fullungsmuster bei Triathleten
moglicherweise durch Ausdauertraining aufgrund erhohter LV-Flexibilitat und -
Elastizitat induziert wird. Zudem beobachtet man eine "Pseudonormalisierung” des
diastolischen Fullungsmusters bei Triathleten mit fokaler Myokardfibrose, die durch
eine kompensatorische Zunahme der Vorhofkontraktion charakterisiert ist, welche

moglicherweise auf eine verminderte passive LV-Elastizitat zurlckzufuhren ist.

Im dritten Projekt verwendeten wir die FT-Technik, um die Veranderungen der LV-
Myokarddeformation bei Patienten mit resistenter arterieller Hypertonie zu
untersuchen. Diese Arbeit zeigt, dass eine Abnahme der LV-Myokarddeformierung als
adaptive Veranderung auf eine langanhaltende Druckuberlastung resultieren konnte.
Dieses Projekt weitet unser Wissen uber den Einfluss einer fokalen Myokardfibrose
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auf die Veranderungen der Myokardverformung bei Patienten mit resistenter

Hypertonie aus.

Im vierten Projekt untersuchten wir mit Hilfe der multiparametrischen CMR die
langfristigen Auswirkungen einer Platin-basierten Chemotherapie auf die kardiale
Funktion und Morphologie bei Langzeitiberlebenden von Keimzellkrebs. Unsere
Ergebnisse deuten darauf hin, dass eine Platin-haltige Chemotherapie eine langfristige
negative  Auswirkung auf die Dbiventrikulare systolische Funktion, die
Myokarddeformation und das Herzmuskelgewebe bei mannlichen
Langzeituberlebenden hat. Diese Arbeit unterstreicht die Notwendigkeit, die
Mechanismen der Platin-bedingten Kardiotoxizitat genauer zu untersuchen, und weist
auf die Bedeutung einer langfristigen kardiovaskularen Nachsorge bei den

Krebsuberlebenden hin.

Insgesamt ermoglicht die FT-Technik eine genauere Quantifizierung der
Herzmuskelverformung bei Ausdauersportlern in Ruhe und nach Wettkampf und hilft
den Einfluss von anhaltender Druckuberlastung und Myokardfibrose auf die
Herzverformung besser zu verstehen. Daruber hinaus tragt die CMR-Bildgebung dazu
bei, die Auswirkungen der Myokardfibrose auf das diastolische LV-Fullungsmuster bei
Triathleten und die Platin-induzierte Kardiotoxizitat aufzuklaren. Diese Arbeit
unterstreicht die entscheidende Rolle der CMR-Bildgebung bei der Beurteilung
verschiedener kardialer Veranderungen in Bezug auf die Herzfunktion, die

Myokarddeformation und die Gewebecharakteristika.
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9 Abbreviations

APFR
bSSFP
CMR
ECG
ECG gating
ECV
EF
EPFR
EPI
FID

FT

FW
GBCA
GCS
GLS
GraSE
GRE

GRS

LA
LGE
LV

MOLLI

atrial peak-filling rate
balanced-steady state-free precession
cardiac magnetic resonance
electrocardiogram
electrocardiographic gating
extracellular volume

ejection fraction

early peak-filling rate
echo-planar-imaging
free-induction decay
feature-tracking

free wall

gadolinium-based contrast agent
global circumferential strain
global longitudinal strain
gradient-spin-echo
gradient-echo

global radial stain

inversion recovery

left atrial

late gadolinium enhancement
left ventricular

modified Look-Locker inversion
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MRI
M,,
M,

NMR
NT-proBNP
PFRR
PSIR

T1

T2

T2w

TE

T

TR

RA

RF

RV

SAPPHIRE

SASHA
SCMR
SE
shMOLLI

TSE

magnetic resonance imaging

transverse magnetic vector

longitudinal magnetic vector

nuclear magnetic resonance

N-terminal pro-brain natriuretic peptide
peak-filling rate ratio

phase-sensitive inversion-recovery
longitudinal relaxation time

transverse relaxation time

T2-weighted

echo time

inversion time

repetition time

right atrial

radiofrequency

right ventricular

saturation pulse prepared heart rate independent inversion
recovery

saturation recovery single-shot acquisition
Society for Cardiovascular Magnetic Resonance
spin-echo

shortened modified Look-Locker inversion

turbo-spin-echo
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