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Zusammenfassung

Hintergrund und Fragestellung: Arterielle Hypertonie ist der Hauptrisikofaktor fur
kardiovaskulare Erkrankungen (CVDs) und Todesfalle mit zunehmender Inzidenz.
In einer Tierstudie konnte bereits nachgewiesen werden, dass die
Supplementierung mit dem Polyamin Spermidin zu reduzierten Blutdruckwerten bei
Mausen fuhrte. Anhand konventioneller echokardiographischer Messwerte und
Strainparameter soll diese Diplomarbeit die Evidenz der potenziell kardioprotektiven

Effekte von Spermidin auf die Herzfunktion von Hypertoniker*innen erweitern.

Material und Methodik: Als Basis dieser Studie diente eine retrospektive
Datenanalyse von Echokardiographie-Loops von 20 Patient*innen mit arterieller
Hypertonie aus der SMARTEST Studie zu vier Zeitpunkten (Woche 0, 8, 12 und
20). Die Proband*innen nahmen fur jeweils 8 Wochen 4mg Spermidin taglich und
ein Placebo mit einer dazwischengelegenen vierwochigen Ausschwemmphase im
Crossover-Design ein. Zur Bewertung der Herzfunktion wurden Standard
Echokardiographiewerte und Strainparameter der Visite 1 und Visite 4 statistisch

ausgewertet und miteinander verglichen.

Ergebnisse: Die Ergebnisse dieser Studie zeigten Kkeine signifikanten
Veranderungen der linksventrikularen (LV) Funktion und Volumina, der
rechtsventrikularen (RV) Funktion und des Durchmessers, der linksatrialen (LA)
Funktion und des Durchmessers sowie der diastolischen Funktion zwischen Visite
1 und Visite 4. Hinsichtlich Strainanalysen wurden an Visite 4 sowohl eine stark
positive Korrelation zwischen LV Endo globalen longitudinalen Strain (GLS) und LV
AutoStrain (r = 0.651) als auch eine stark negative Korrelation zwischen biplaner
linksventrikularer Auswurffraktion (LVEF) und LV Endo GLS (r = -0.593) festgestellt.

Schlussfolgerung: Die  Verabreichung von  Spermidin  flUhrte  bei
Hypertoniker*innen zu keinen signifikanten Veranderungen echokardiographischer
Volumina, linearer Messwerte und Strainparameter. Jedoch konnte anhand dieser
Diplomarbeit durch echokardiographische Evaluierung die Sicherheit von oraler
Spermidin-Supplementierung bezogen auf die Herzfunktion hypertensiver
Patient*innen gezeigt werden. Fur den Nachweis der potenziell kardioprotektiven
Effekte von Spermidin und fur das Verstandnis des Stellenwertes von GLS in

arterieller Hypertonie sind weitere klinische Erforschungen notwendig.



Abstract

Background and Aim: Arterial hypertension is the main risk factor for
cardiovascular diseases (CVDs) and deaths with increasing incidence. In an animal
study, it could already be proven that the supplementation with the polyamine
spermidine led to lower blood pressure levels in mice. This thesis aims to give
further insights into the possible cardioprotective effects of spermidine on heart
function in patients with hypertension disease assessed by both conventional

echocardiographic and strain parameters.

Material and Methods: This work was based on retrospective data analysis of
echocardiographic loops of 20 patients with arterial hypertension from the
SMARTEST trial at four points in time (weeks 0, 8, 12, and 20). The subjects
received 4mg spermidine per day and a placebo for each eight weeks with a
washout interval of four weeks in between in a crossover design. Standard
echocardiographic and strain parameters of visit 1 and visit 4 were statistically

evaluated and compared with each other to assess cardiac function.

Results: The results of this study showed no significant changes in left ventricular
(LV) function and volumes, right ventricular (RV) function and diameter, left atrial
(LA) function and diameter, and diastolic function between visit 1 and visit 4.
Regarding strain analyses, a strong positive correlation between LV Endo global
longitudinal strain (GLS) and LV AutoStrain (r = 0.651) as well as a strong negative
correlation between biplane left ventricular ejection fraction (LVEF) and Endo GLS

(r=-0.593) were determined on visit 4.

Conclusion: The administration of spermidine in hypertensive patients did not lead
to any significant echocardiographic changes in volume, linear, and strain
parameters. Nevertheless, this work could show the safety of oral spermidine
supplementation on cardiac function in hypertensive patients evaluated by
echocardiography. Further clinical research is necessary for the proof of the
possible cardioprotective effects of spermidine and the understanding of the

importance of GLS in hypertension disease.
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1 Introduction

1.1 Arterial Hypertension

1.1.1 Definition

In reference to the 2018 guidelines of the European Society of Cardiology (ESC)
and the European Society of Hypertension (ESH) for the management of arterial
hypertension, “hypertension is defined as office systolic blood pressure (SBP)
values = 140 mmHg and/or diastolic blood pressure (DBP) values 2 90 mmHg” .
Hypertension disease can be classified into grades I-lll, as listed in
Table 1.

Table 1: Classification of arterial hypertension. Adapted from .

Category SBP [mmHg] DBP [mmHg]

optimal <120 and <80

normal 120 - 129 and/or 80 - 84

high normal 130 - 139 and/or 85 -89

grade | hypertension 140 - 159 and/or 90 - 99

grade Il hypertension 160 -179 and/or 100 - 109

grade lll hypertension =180 and/or =110
isolated systolic hypertension =140 and <90

1.1.2 Scope of the Problem

Arterial hypertension represents the most common risk factor for CVDs and cause
of deaths worldwide %3. In reference to Statistik Austria hospital discharge statistics,
there were 14437 hospitalizations in acute care hospitals due to the diagnosis of
arterial hypertension in 2021 4. The prevalence increases with age 2 and more than
60% of people older than 60 years suffer from hypertension '. The Framingham
Heart Study has demonstrated that the cumulative lifetime risk of developing
hypertension disease is up to 90% for both genders at the age of 55 and 65
years °. In 2015 the worldwide prevalence of this disease was estimated to be 1.13

billion ¢. Due to the elderly population, physical inactivity, higher body weights, and
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unhealthy lifestyle factors ', a further rise of close to 1.56 billion adult people with

hypertension disease all over the world is expected by 2025 7.

High blood pressure causes at least 7.6 million deaths every year, this corresponds
to 13.5% of all cases of deaths globally &. In 2015, approximately 10.7 million deaths
were caused by arterial hypertension . Possible impacts of high blood pressure
include coronary artery disease, myocardial infarction, heart failure, chronic kidney
disease, peripheral artery disease, and dementia 1%, In addition, hypertension
disease represents the main risk factor for ischemic and hemorrhagic strokes 2. For
instance, in 2015 an estimated number of 3.5 million strokes and 4.9 million
ischemic heart diseases occurred due to elevated SBP °. Furthermore, a quarter of
all myocardial infarctions in Europe have been associated with hypertension
disease over the last few years, and approximately 40% of all deaths Europe-wide
are caused by CVDs due to hypertension per year "3, In younger patients, the
association between arterial hypertension, higher risk for CVD, and all-cause

mortality is particularly strong 4.

According to the World Health Organization (WHO), less than 14% of all adults with
hypertension have stable blood pressure levels < 140/90 mmHg, even though
multiple efficient and inexpensive antihypertensive therapy strategies are widely
available 5. In addition, the EURIKA study, including 5559 patients with arterial
hypertension Europe-wide, from whom 94% received antihypertensive drug
therapy, has shown that only 38.8% of all treated participants could achieve the

target blood pressure ranges 6.

1.1.3 Etiology

Depending on the etiology, arterial hypertension can be classified into primary and

secondary hypertension.

1.1.3.1 Primary Hypertension

Primary hypertension, also known as essential hypertension, is defined as lasting
increased blood pressure levels without an identifiable cause and represents the

leading type of arterial hypertension with more than 90% of all cases 7.

11



Although the cause of primary hypertension is still unclear, several risk factors are
described, e.g. higher age, metabolic syndrome, and obesity '8-2°. Both in developed
and developing countries, 25-35% of adults suffer from primary hypertension,
whereby approximately 60-70% of the affected are older than 70 years '8
Furthermore, metabolic syndrome is present in 15-20% of adults with primary
hypertension disease '2°. In addition, the prevalence of primary hypertension
among normal-weight children is about 5%, among overweight children about 20%,
among obese children about 26%, and in severely obese children the prevalence is
up to 39% 1°.

1.1.3.2 Secondary Hypertension

Secondary hypertension is caused by an underlying, identifiable, and potentially
reversible disease ?'. It is estimated that 5-10% of all patients with hypertension
suffer from secondary hypertension, whereby especially children and young adults
are affected 2224,

Table 2: Overview of the most common underlying causes of secondary hypertension.
Adapted from 22,

Prevalence in | Prevalence in patients
Secondary cause hypertensive with resistant
patients hypertension
Obstructive sleep apnea 5-10% > 30%
Renal parenchymal disease 2-10% 2-10%
Renal artery stenosis 1-10% 2.5-20%
Primary aldosteronism 5-15% 6-23%
Thyroid disease 1-2% 1-3%
Cushing’s syndrome <1% <1%
Phaeochromocytoma <1% <1%
Coarctation of the aorta <1% <1%
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The underlying disease is strongly age-dependent: In childhood, secondary
hypertension is mainly caused by renal parenchymal disease and coarctation of the
aorta. However, in patients = 65 years secondary hypertension often occurs with
atherosclerotic renal artery stenosis, renal failure, and hypothyroidism ?'. The most

common underlying causes are summarized in Table 2.

Especially in cases of patients younger than 40 years, with underlying treatment-
resistant or severe manifestations (grade lll), hypertensive emergencies, acute rise
of blood pressure in previously stable values, and coexisting organ damages, e.g.
left ventricular hypertrophy (LVH), screening for secondary hypertension should be

considered 1.22.25,

1.1.4 Diagnostic Tools

1.1.4.1 Blood Pressure Measurements

Correct blood pressure measurements are necessary for the diagnosis of arterial
hypertension. There are both in-office and out-of-office blood pressure

measurements available.

High blood pressure should initially be diagnosed by repeated office blood pressure
measurements on both upper arms after a few minutes of rest, twice or three times
in one to four weekly intervals 1192627 Office blood pressure measurements can be
performed with auscultatory- or oscillometric-, semiautomatic- as well as automatic

devices 1.

In addition, for a more accurate diagnosis and confirmation of the disease, also out-
of-office blood pressure measurements, e.g. home blood pressure monitoring
(HBPM) or ambulatory blood pressure monitoring (ABPM), are of great
importance '. The limit blood pressure values of 24-hour measurements are
> 130/80 mmHg by ABPM and = 135/85 mmHg by HBPM '28 Out-of-office
measurements should be performed in adults with high in-office blood pressure to
detect white-coat hypertension or in patients with suspected hypertension to

exclude masked hypertension 2°.

In specific clinical situations, e.g. blood pressure of at minimum 180/110 mmHg,

cardiovascular high-risk patients, and co-existing end-organ damage, it is indicated
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to diagnose hypertension disease by one-time measurement already and to start

antihypertensive therapy immediately °.

1.1.4.2 Electrocardiogram

A 12-lead electrocardiogram (ECG) is usually part of the routine diagnosis of
hypertension disease . Arterial hypertension affects mostly the LV geometry and
the hypertension-induced chronic pressure overload results primarily in LVH,
whereby these ventricular changes can still be missing in the early stages of the
disease 3%3'. However, the ECG has a low sensitivity for the detection of LVH 131,
which represents a main risk factor for cardiovascular morbidity and mortality 3'.The
ECG diagnostic index Sokolow Lyon criteria for LVH shows a sensitivity of only 21%
and a specificity of 89% 3'32, Furthermore, the sensitivity for LVH varies depending

on the patient's body weight *.

Nevertheless, this diagnostic tool continues to be used because of its low costs and

widespread availability 33.

1.1.4.3 Transthoracic Echocardiography

In the management of arterial hypertension, two-dimensional (2D) transthoracic
echocardiography (TTE) is especially useful for the evaluation of LVH. Compared
to ECG, TTE allows the detection of arterial hypertension based on determined LVH
with higher sensitivity and specificity 0. Furthermore, 2D TTE provides additional
cardiovascular risk criteria, e.g. LV geometry, LV systolic and diastolic function, left

atrial volume (LAV), and wall motion disorders 30-34-38,

Table 3: Criteria of echocardiographically determined left ventricular hypertrophy.
Adapted from '. BSA = body surface area.

Threshold values
Parameter Calculation Unit
Men Women
LVH LV mass/height?”’ [g/m?7] > 50 > 47
LVH LV mass/BSA [g/m?] > 115 > 95
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In reference to the 2018 ESC/ESH guidelines, a 2D TTE is recommended for
hypertensive patients with ECG alterations as well as clinical signs of LV

dysfunction .

1.1.5 Therapy

The routine treatment of hypertension disease is based on both non-drug and drug

therapy strategies.

1.1.5.1 Non-Drug Therapy

A healthy lifestyle can prevent arterial hypertension or at least delay the onset of
disease. Furthermore, healthy lifestyle factors can reduce the risk of CVDs 3°4°, For
this reason, especially patients with arterial hypertension grade | can benefit greatly
from healthy lifestyle modifications, and the need for pharmacological therapy can
be avoided or at least be delayed '3°. Moreover, lifestyle modifications can amplify
the effect of pharmacological antihypertensive treatment '. Salt restriction to < 5g
daily 4144 a balanced diet as well as rare consumption of alcohol are highly
recommended 4548, In addition, doing sports regularly, losing body weight, and
becoming a non-smoker is highly advisable 1.394547.48 Besides that, stress reduction
may have a positive effect on hypertension disease in patients with high levels of

stress 4748,

Due to their great benefits, lifestyle modifications should be applied for all patients

with prehypertension and hypertension disease .

1.1.5.2 Drug Therapy

In most patients, additional drug therapy is indicated to achieve controlled blood
pressure levels. Especially for all patients with hypertension disease grade Il and I,
an additional pharmacological therapy is indicated 4°. According to the 2018
ESC/ESH guidelines, there are five different groups of medications highly
recommended for antihypertensive basic therapy: angiotensin-converting enzyme
(ACE) inhibitors, angiotensin receptor blockers (ARBs), beta-blockers, calcium

channel blockers (CCBs) and diuretics, e.g. thiazides or thiazide-like diuretics .
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In general, the start of drug therapy is strongly suggested for adults with confirmed

hypertension disease and SBP of > 140 mmHg or DBP of > 90 mmHg .

Indications for an antihypertensive monotherapy include low-risk patients with
grade | hypertension (SBP < 150mmHg), very high-risk patients with high-normal

blood pressure as well as elderly and rather fragile patients .

A double drug combination is initially necessary for most patients with hypertension
disease. It is highly advocated to combine a renin-angiotensin system (RAS)
blocker, either an ACE inhibitor or an ARB, with a CCB or a diuretic. In special
circumstances, e.g. post-myocardial infarction, heart failure, angina pectoris, or
control of heart rate, the patient should be treated with a combination of a beta-
blocker and one of the other five major groups of pharmacological therapy .
Furthermore, other double-drug strategies can be applied ', but the combination of
an ACE inhibitor and an ARB is not suggested 4850,

If blood pressure cannot be controlled sufficiently by a double combination, a triple
drug treatment should be implemented 4. A triple drug combination typically
consists of a RAS blocker with a CCB and a thiazide or a thiazide-like diuretics. If
the blood pressure range is still not satisfying, there is an urgent suspicion of
resistant hypertension and spironolactone should be applied additionally. Moreover,
when spironolactone is not tolerated well, other drugs like a diuretic, e.g. amiloride,

a beta-blocker, or an alpha-blocker are indicated ".

Figure 1 summarizes the current recommendations of antihypertensive therapy

strategies for patients with uncomplicated hypertension disease.

1.1.5.3 Therapy Targets

The main target of lowering blood pressure levels is to prevent CVD and
hypertension-induced end-point events, e.g. myocardial infarction and stroke,
without reducing quality of life °°. The in-office blood pressure level should initially
be decreased to < 140/90 mmHg *. If antihypertensive treatment is tolerated well, it
is suggested to further improve blood pressure levels to < 130/80 mmHg in most

patients 157,
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In addition, for patients < 65 years in-office SBP target values of 120-129 mmHg,
and for patients > 65 years of 130-139 mmHg are highly advisable '°2. Moreover,
the recommended in-office DBP target range is 70-79 mmHg for all

ages .

ACE-inhibitor/ARB

dual drug therapy

CCB or diuretic

}

ACE inhibitor/ARB —
+CCB triple drug therapy

+ diuretic

|

’ = resistant hypertension step 3:
@ add spironolactone or triple drug therapy
another diuretic, alpha- + spironolactone or another drug

blocker or beta-blocker

S

Figure 1: Pharmacological algorithm of antihypertensive therapy for uncomplicated arterial
hypertension. Adapted from .

1.2 Polyamine

Polyamines are defined as a group of positively charged molecules that have amino
groups at both ends of a hydrocarbon chain 9. Due to their positive charge in
physiological conditions, they can interact with negatively charged macromolecules
like deoxyribonucleic acid (DNA), ribonucleic acid (RNA), proteins as well as
phospholipids %355, Polyamines exist in nearly all cells of various organisms 53, but
in mammalian cells only putrescine, spermidine, and spermine are present °¢. These
polyamines are involved in various cellular processes in mammals and play an

essential role in cellular proliferation %45, especially for the regulation of
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translation 54%7. Moreover, polyamines interact with different types of ion channels,

e.g. Kir channel blocking by intracellular spermine 8

1.2.1 Spermidine

The polyamine spermidine is a naturally occurring autophagy inducer with a
molecular weight of 145.25 g/mol %° and represents the precursor of spermine %8.
Spermine was first discovered as crystals in the human seminal fluid by the

researcher Leeuwenhoek in 1678 9.

Spermidine is the polyamine most easily absorbed by the human gut ¢! and high
amounts are contained in various human diets, e.g. soybeans, cauliflower, broccoli,
mushrooms, green peas, cheese, chicken, and turkey 2. In mammals, the level of
spermidine decreases progressively with age 834 and depletion of spermidine and
spermine leads to inhibition of protein synthesis and total arrest of cell growth ©°.
Spermidine shows antioxidative, anti-inflammatory as well as improving
mitochondrial metabolic characteristics and can enhance chaperone activity and

proteostasis 6.

1.3 Strain Imaging

1.3.1 Myocardial Strain

Strain is defined as a dimensionless parameter that measures the myocardial
deformation, determined by myofiber architecture, within the cardiac cycle 7. The
deformation is caused by different movement speeds of various parts of the
object 8. Due to the three-dimensional (3D) shape of the heart, there are
theoretically nine different strain types, including longitudinal, radial, and
circumferential strain 8% The longitudinal strain represents the myocardial
shortening from base to apex and is generally used both in clinical practice and
research 7°. The radial strain describes the modification of wall thickness ° and is
perpendicular to the longitudinal axis and epicardium %768, The circumferential strain
is vertical to the radial and longitudinal axes % and demonstrates the change in
length of the myocardium in the short axis view 7°. The remaining six strain

components are shear strains due to relative movements of superimposed layers of
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a volume during myocardial contraction 6 and are hardly ever used in clinical

routine ©7,

Strain assessment is mostly performed by echocardiography or cardiac magnetic
resonance (CMR) ¢7. The measurement unit is usually a percentage (%) %8, whereby
a positive number displays elongation and a negative number indicates shortening

of the object 7071,

Figure 2: The three directions of strain. Adapted from ¢,
C = circumferential strain, L = longitudinal strain, R = radial strain.

The myocardial deformation can be calculated with the Lagrangian as well as the

Natural strain.

1.3.1.1 Lagrangian Strain

The Lagrangian strain describes the fractional change in the length (L) of elements
at the time t [L(t)] related to their original length at the time tO [L(t0)] %87°. The
reference value at the time t0 generally corresponds to the end-diastolic (ED)
length 7071 It is recommended to determine the Lagrangian strain using speckle

tracking software 69,
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Figure 3: Calculation of the Lagrangian strain.

1.3.1.2 Natural Strain

In contrast to the Lagrangian strain, the calculation of the Natural strain includes a

reference length, that is constantly changing during deformation 7°.

t
SN(t) = dSRy(t)
t(0)

Figure 4: Calculation of the Natural strain.

The Lagrangian strain and the Natural strain have a nonlinear correlation and both
results are almost ident in minor deformations around 5-10% %72, Significant
differences are apparent in case of large myocardial deformations, e.g. ventricular

ejection %9, and in such cases the Natural strain is more appropriate 2.

Moreover, the Lagrangian and the Natural strain values can be converted into one

another ©°,

1.3.1.3 Strain Rate

Strain rate (SR) mathematically describes the changes of deformation or strain per
time unit and is specified in s 68, SR corresponds with the shortening rate per
fiber length too 7. SR can be calculated by means of the Lagrangian as well as
the Natural strain method. The Lagrangian SR represents the derivation of the

Lagrangian strain ©°.

dt L, dt

SRL(t) =

Figure 5: Calculation of the Lagrangian strain rate.

20



However, the Natural SR describes the temporal derivation from the Natural strain
and should be calculated based on tissue Doppler imaging (TDI). Furthermore, the
Natural SR can also be determined via speckle tracking modality by converting the

Lagrangian SR value ©°.

Figure 6: Calculation of the Natural strain rate.

1.3.2 Displacement and Velocity

Displacement and velocity are further basic parameters describing myocardial

function.

In detail, displacement specifies the distance by which a particular feature, e.g. a
speckle or heart structure, has moved within two consecutive frames, and its

measurement unit is centimeters (cm) 73.

t
X(t) = f V(tl)dtl
ED
Figure 7: Calculation of the displacement.

Velocity defines how fast the location of a particular object changes and is specified

in centimeters per second (cm/s) 73.

1.3.3 Methods of Strain Assessment

As already mentioned, echocardiography and CMR represent the most frequently
applied imaging modalities for the assessment of strain in clinical practice ¢’. The
echocardiographic quantification of strain and SR can be performed via TDI or

speckle tracking techniques 2.
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1.3.3.1 Tissue Doppler Imaging

TDI enables the assessment of myocardial strain based on the measurements of
regional myocardial tissue velocities 774, Tissue velocity describes the speed of
motion at a certain point of the heart muscle either toward or away from the
transducer 74. There are three different techniques of TDI available: pulsed wave,

M-mode, and 2D color Doppler modality 5.

It should be considered, that TDI only provides a one-dimensional assessment of
myocardial strain 772, although myocardial deformation is a 3D movement 2. A
further limitation of strain analysis via TDI is represented by the strong angle
dependency between the transducer and the axis of myocardial motion 7'.73. For this
reason, angle deviations of less than 15 to 20 degrees are required for valid
results 76. In addition, TDI can be influenced by cardiac translation, pathological
tethering as well as the geometry of the left ventricle 77. Furthermore, TDI is sensitive

to aliasing and reverberation artifacts 7.

1.3.3.2 Speckle Tracking Echocardiography

Speckle tracking echocardiography (STE) represents a further modality for the
assessment of strain using B-mode images. Since the myocardial tissue is an
inhomogeneous medium with different acoustic reflections, a unique interference
pattern including light and dark grey scaled pixels, defined as speckles, is
created 8. Speckle tracking algorithms enable frame-by-frame tracking of a certain
myocardial area with a unique speckle pattern, also called Kernel region, during a

heart circle 7°.

STE allows angle-independent 2D and 3D strain analyses ’® based on the
Lagrangian method of calculation 72. For valid tracking of ultrasound speckles, high-
quality ultrasound images are mandatory "8 and frame rates of 50 to 70 frames per

second are considered ideal 0.

STE does not have to be preferred to TDI, as both techniques provide comparable

strain analyses of similar importance ©°.
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1.3.3.3 Magnetic Resonance Imaging Myocardial Tagging

Magnetic resonance imaging (MRI) myocardial tagging represents a further non-
invasive modality for 3D strain analysis 8'. In fact, it is mentioned as the gold

standard of all non-invasive techniques for the assessment of strain 7282,

MRI tags are radiofrequency markers that move with the myocardium during the
cardiac cycle 8 and thereby provide the detection of changes in myocardial position,
shape, and orientation 8'. The main disadvantages of MRI tagging include limited
time resolution, low sampling rates, extensive acquisition and post-processing

times, high costs as well as limited availability 72.

1.3.4 Strain Analysis
1.3.4.1 Segmental Analysis

Segments are defined as the anatomical units of the LV myocardium and the
segmental strain or SR corresponds to the average value of a segment . There
are several left ventricle segmentation models with subdivisions into 16 to 18
segments available °, whereby the use of the 17-segment model is recommended

(see Figure 8) 8384,

In all segment models, the rings represent, from outside to inside, the basal
segments, the midpapillary muscle segments, and the apical segments 8. The
apical region of the 16-segment and 17-segment model is further subdivided into
the septal, inferior, lateral, and anterior apical segments, and in the 17-segment
model also segment 17, which represents the apex. The apex, also called the apical
cap, corresponds to the muscle at the outermost tip of the left ventricle without an
existing cavity 8. Segmentation models allow the detection of coronary perfusion
areas, provide comparable myocardial masses of the segments, and enable
comparison of the results with other imaging modalities %°. The results of the

segmental analysis are color-visualized by the so-called bull’s-eye plot.
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basal: mid cavity: apical:

1. basal anterior 7. mid anterior 13. apical anterior
2. basal anteroseptal 8. mid anteroseptal 14. apical septal
3. basal inferoseptal 9. mid inferoseptal 15. apical inferior
4. basal inferior 10. mid inferior 16. apical lateral
5. basal inferolateral 11. mid inferolateral 17. apex

6. basal anterolateral 12. mid anterolateral

Figure 8: 17-segment model of the left ventricle and recommended topographic cardiac
nomenclature. Adapted from 6°.

1.3.4.2 Layer-Specific Analysis

Layer-specific analysis enables the evaluation of myocardial deformation of a
certain layer within the ventricular wall 8. The ventricular wall is usually subdivided
into endocardial, mid-myocardial, and subendocardial layers ¢’. Due to mechanical

layer interdependence 86 the clinical usability is questionable 7.

1.3.4.3 Global Analysis

The calculation of the LV global strain or SR includes the total myocardial line length
during cardiac deformation. Otherwise, LV global strain can also be calculated by
taking the average value at a series of points within the cardiac muscle line or by

determining the average segmental values. By means of global analysis, GLS can
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be calculated as an endocardial strain, midline strain, or epicardial strain as well as

an average value over the total myocardial wall 69,

1.3.5 Analysis Results and Interpretation

Using speckle tracking software, strain analysis results are automatically visualized

as strain and SR curves as well as bull’'s-eye plots.

Strain curves include values of peak strain, time to peak strain, and post-systolic
index. SR curves offer values of peak systolic, peak early diastolic, and peak late

diastolic SRs as well 70,

Bull's-eye plots enable a color-coded visualization of regional values of peak, time

to peak, and post-systolic strain 7°.
End-Systolic
Longitudinal Strain [%]

Antetior

Inferior

Figure 9: Example of a longitudinal strain curve and a bull’s-eye plot.
1: Longitudinal strain [%] curve. The speckle tracking software 2D CPA by TOMTEC Imaging
Systems was used.
2: Bull’'s-eye plot of the end-systolic longitudinal strain [%]. The speckle tracking software
AutoStrain by TOMTEC Imaging Systems was used.

1.3.5.1 Standard Values of Left Ventricular Strain

In general, a standard longitudinal or circumferential strain is a negative number,

and a standard radial strain is a positive number 72.

GLS represents the most frequently used strain parameter both in clinical practice
and research 798, However, normal values of LV GLS depend on the position of
measurement, the vendor, and the strain analysis software used 2. Therefore,

different standard values for LV GLS are reported in several studies 8-, In an
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extensive meta-analysis including data from 2597 subjects, a standard mean value
of -19.7% (range of -15.9% to -22.1%) was determined for the LV GLS of healthy
adults 8. In addition, it is reported that GLS is more negative in the female
population 8%°" and that LV strain decreases with age 8%%2. Furthermore, in this
meta-analysis are standard average values of -23.3% (range of —20.9% to —27.8%)
for the LV global circumferential strain (GCS) and 47.3% (range of 35.1% to 59.0%)
for the LV global radial strain (GRS) listed for the healthy adult population 88,

However, internationally standardized strain values are still missing.

1.3.6 Influencing Factors of Strain

Strain values represent the myocardial contraction and disregard other factors
affecting myofiber shortening. However, the value of strain is also influenced by
further criteria such as hemodynamic and geometric aspects as well as myocardial

tissue properties 7.

Strain and SR values depend on the hemodynamic factors loading conditions and
heart rate 67:9-95_ An increase in the afterload results in a reduction of strain ¢”. For
instance, an experimental study on pigs reported a significant decrease in LV
myofiber shortening on the grounds of a moderate to severe increase of 20 to 40
mmHg of LV afterload %. Furthermore, various studies showed decreased LV GLS
values due to chronically increased afterload conditions, e.g. in patients with
hypertension disease and severe aortic stenosis %97, In addition, an increased heart
rate leads to lower strain values because of a shortened ventricular filling time and
reduced stroke volume (SV) 8. Moreover, an increase in preload results in an
increased strain value, and this fact agrees with the Frank-Starling mechanism 67,
which describes how pre-stretching of the myocardial filaments strengthens the
contractility of the heart muscle 7%, In patients with chronically increased preload
conditions, e.g. due to mitral regurgitation, strain values first normalize because of
LV reverse remodeling and then gradually decrease due to ventricular failure over
time 679, In cases with severe mitral regurgitation, adaptive LV remodeling is
particularly more present when LV GLS values are < 18.1% and associated with

LV failure %, even though this value is within the reported standard range of GLS 8.
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The influences of the above-listed hemodynamic factors also implicate that
pathological strain values are not always equivalent to myocardial dysfunction and

that even standard values do not exclude any disease with certainty ©7.

The myocardial deformation is also mainly affected by the SV 3 and ventricular
chamber size %, While a higher SV, e.g. due to regurgitation, without modified
chamber geometry leads to increased myocardial deformation 3, a dilated ventricle
without changed SV and preserved myocardial contraction results in decreased
strain indices '%°. For instance, in patients with significant mitral or aortic
regurgitation and preserved LVEF, volume overload initially results in increased
strain values 67:109-102 Therefore, those values rather mirror the elevated SV instead
of the increased contractility 67. Due to persistent volume overload, patients develop
chamber dilatation as well as increased wall stress in later stages, resulting in
myocardial dysfunction and decreasing strain indices 192193, In contrast, chronic
pressure overload caused, e.g. by aortic stenosis or arterial hypertension, leads to
adaptive increased wall thickness and decreased chamber size . In such cases,
strain indices, especially LV GLS, are reduced primarily because of wall

hypertrophy 9.97.104,

Furthermore, myocardial tissue factors such as fibrosis and deposition can cause
reduced myocardial contractility and thus can affect the values of strain. Irreversible
myocyte damage of the subendocardial fibers, which are usually affected first, can
therefore be identified via reduced GLS in the early stages ¢’. In addition, altered
GCS values can be especially useful for the differentiation between transmural and
non-mural cardiac infarction '95. Moreover, in the presence of inhomogeneous
tissue properties, e.g. due to storage or infiltrative disease, myocardial contractility
is initially disturbed in the affected regions ’. For instance, in cardiac amyloidosis
impaired longitudinal strain values in the areas of regional hypertrophy are
reported '%. In addition, regional variations of peak systolic strain from apical to
basal, also called apical sparing, are described as an accurate screening tool for
the differentiation of cardiac amyloidosis and other diseases leading to LV

myocardial thickening 197,
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It is also important to consider that strain values are mainly influenced by the
definition of end-systolic (ES) and ED points in time. It has been established that a

change of only 4 frames results in a significant change in strain measurements 198,

1.3.7 Strain Imaging versus Left Ventricular Ejection Fraction

LVEF represents the left ventricular systolic function and is usually assessed via 2D
TTE. Hereby, using the biplane Simpson method is recommended &*. Its unit is a

percentage (%).

(EDV — ESV)
= —F—F %
EDV

EF 100

Figure 10: Calculation of the ejection fraction.

The measurement of LVEF is an important factor for the determination of the
severity of the reduction of systolic function and thus is useful for the proper
management of different CVDs, e.g. heart failure and valvular heart disease '°°. The
standard range of LVEF is defined as 52% to 72% for males and 54% to 74% for
females 81°°. The value is mainly influenced by afterload and preload as well as

myocardial contraction 119,

However, LVEF and global strain are both parameters reflecting the global function
of the left ventricle. While LVEF considers both length and diameter change, GLS
only takes one of these components into account ¢7. Via mathematical models it has
been shown that LVEF can remain unchanged despite significantly decreased LV
function. LVEF can be increased due to raised wall thickness and/or reduced end-
diastolic volume (EDV) and therefore be within standard range, although myocardial
shortening is reduced. In addition, since LVEF is square depending on
circumferential shortening, but only linearly depending on length shortening, this
parameter is less sensitive to reduced longitudinal shortening '''. Regarding loading
conditions it is also reported that strain is more dependent on preload while LVEF

is more dependent on afterload ''2.

28



Compared to LVEF, strain imaging represents a more sensitive diagnostic tool for
the detection of discrete systolic dysfunction and the prediction of severe cardiac
events '3, For example, LV dysfunction due to cardiotoxicity after chemotherapeutic
treatment initially results in reduced GLS while LVEF is reduced only later 4.
Therefore, GLS is a useful diagnostic tool for patients undergoing chemotherapy to
detect cardiotoxicity in the early stages ''%'®. For many other diseases, e.g. primary
mitral regurgitation, chronic aortic regurgitation, and asymptomatic diabetes mellitus
type 2 GLS is also reported to be a sensitive parameter for minimal changes in

myocardial contractility with preserved LVEF 101.103,117,118

1.3.8 Strain in Arterial Hypertension

In patients with hypertension disease, LVH represents a proven risk factor for the
development of asymptomatic LV dysfunction and congestive heart failure ''°. Using
conventional echocardiography, asymptomatic diastolic dysfunction associated with
LVH can be identified '2°. However, conventional TTE and TDI usually cannot detect
discrete changes in LV systolic function due to arterial hypertension in the early
stages '?'. Since GLS mainly relates to LV longitudinal function of subendocardial
myofibers involved in the early stages of cardiac damages '??, GLS enables a new
screening method for early LV risk stratification in patients with hypertension

disease 123,

1.4 Gaps in Evidence

The benefits of the polyamine spermidine, a natural autophagy inducer, have been
increasingly researched in recent years. Although there is much data on the effects
of spermidine based on animal models available, the data on human studies are
considerably limited. In a rodent animal study, the cardioprotective benefits of
spermidine like lowering blood pressure have already been established 2.
However, experimental data about the cardioprotective effects of dietary spermidine
supplementation in hypertensive patients are still restricted. Thus, it is important to
determine the impacts of this polyamine on human myocardial function. In addition,
although numerous studies have been conducted on the importance and

significance of strain imaging in various cardiac diseases, there are still no general
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valid recommendations for the interpretation of strain values in patients with arterial

hypertension.

1.5 Aims of the Thesis

The main aim of this thesis is to show the functional effects of the treatment with
the polyamine spermidine on human myocardial function in patients with
hypertension disease and preserved ejection fraction, also known as heart failure
with preserved ejection fraction (HFpEF), assessed by echocardiography. For this
purpose, certain offline echocardiographic parameters and strain analyses are
investigated for the evaluation of LV systolic and diastolic heart function. At the
same time, this work aims to evaluate the effects of spermidine on the left atrium

and right ventricle.
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2 Material and Methods

2.1 Study Design

The Spermidine Anti-Hypertension Study (SMARTEST) is a prospective, single-
centered, randomized, double-masked, and placebo-controlled interventional study
with crossover assignment. The SMARTEST trial was performed at the Department
of Cardiology at the Medical University of Graz. An ethics application (reference
number: 30-468 ex 17/18) was granted by the Medical University of Graz for the

conduct of the study in advance.

The SMARTEST trial was initiated in February 2020 and is expected to be
completed by the end of 2024. According to the trial plan, 46 individuals are planned
to participate in this study in total, whereby for this diploma thesis a patient cohort
of 20 was analyzed. Patients were treated with 4mg spermidine per day as well as
a placebo for a duration of eight weeks each in a crossover design with a four-week

washout interval in between.

2.2 Study Population

Inclusion criteria encompassed persistent arterial hypertension with SBP levels of
150 mmHg as a minimum during the hospital stay and the date of randomization.
Furthermore, included patients had to receive antihypertensive premedication with
at least two first-line recommended blood pressure-lowering drugs according to the
2018 ESC/ESH guidelines '. Additionally, the submission of a signed and dated
written consent was a mandatory prerequisite. In terms of gender and age,

individuals older than 18 years of all genders were eligible.

Exclusion criteria applied in case of SBP = 180mmHg on the date of randomization,
spermidine intolerance, renal insufficiency with a glomerular filtration rate of less
than 45 ml/min, and insulin-dependent diabetes mellitus. Furthermore, patients with
wheat allergy, gluten intolerance, a life expectancy of less than one year, and

participation in another clinical study already were excluded.
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2.3 Data Collection

2.3.1 Transthoracic Echocardiography

TTE was performed on each patient by expert cardiologists at the Department of
Cardiology at the Medical University of Graz at four fixed points in time: 0 weeks
(visit1 (V1) = baseline), 8 weeks (visit 2 (V2)), 12 weeks (visit 3 (V3)), and 20 weeks
(visit 4 (V4)) after recruitment. The investigations were carried out with the
ultrasound device Acuson 2000 by Siemens (Munich, Germany) or Vivid E95 by GE
Healthcare (Chalfont St. Giles, UK). For adequate imaging, the frame rate was
adjusted between 50 to 70 frames per second. During the examination, three

electrodes were attached for an ECG to display the cardiac cycle at the same time.

A TTE contained B-Mode imaging in 2D, 3D, and Doppler image acquisition. In
detail, a TTE included parasternal long axis view (PLAX), parasternal short axis view
(PSAX) showing the aortic valve, mitral valve, papillary muscles, and apex of the
heart, apical two chamber view (A2C), apical three chamber view (A3C), apical four
chamber view (A4C), and apical five chamber view (A5C) as well as subcostal four
chamber view. In addition, apical views focusing on the left ventricle and left atrium
were recorded to provide more precious offline postprocessing measurements if
possible. From each of these views, three heart cycles were stored for sinus rhythm
and five heart cycles in case of atrial fibrillation. The recorded images and loops
were transmitted to the digital archive system IntelliSpace Cardiovascular (ISCV) of

the company Philips (Eindhoven, Netherlands) afterwards.

2.3.2 Postprocessing Imaging

For this trial, the entire digital data analysis was performed retrospectively offline.
Postprocessing imaging and further offline analyses of selected appropriate 2D trial
standard apical view images were carried out with the Software TomTec (TOMTEC
Imaging Systems, Munich, Germany). Moreover, the postprocessing speckle
tracking software 2D Cardiac Performance Analysis (2D CPA, TOMTEC Imaging
Systems, Munich, Germany) was used for triplane calculations and the assessment
of the LV GLS, LA GLS, and global average strain. For data analysis, the

echocardiographic images stored in ISCV were imported as DICOM files to TomTec
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and 2D CPA. All analyses were performed twice, ideally in two consecutive cardiac
cycles. In case of very poor image quality of the digitally stored loops, the two most
appropriate heart cycles were selected for data analysis. Using the ECG curve, the
ES and ED time of the cardiac cycle could be manually determined offline, using the
same frame for both. Subsequently, the ES and ED volumes could be measured by

manually contouring the ventricle or atrium and adjusting the longitudinal alignment.

2.3.3 Strain Assessment

The assessment of strain was carried out with two different analysis techniques
using A2C, A3C, and A4C: AutoStrain and 2D CPA GLS. The following simplified

formula was used for the calculation of both methods:

LS_LD

GLS =
Lp

Figure 11: Calculation of the global longitudinal strain.

2.3.3.1 Left Ventricular AutoStrain

AutoStrain by TOMTEC Imaging Systems (Munich, Germany) is a speckle tracking
software that provides an automated triplane strain assessment for LV longitudinal

strain along the endocardium.

For the automated strain analysis, manual assignment of the selected apical loops
as A4C, A2C, and A3C view was necessary first. Thus, AutoStrain automatically
detected the endomyocardial contours, which could be modified manually
afterwards. Automated AutoStrain analyses provided color-coded displaying of
dynamic longitudinal strain results, ES strain, and time-to-peak strain, each shown
as an 18-segment bull’'s-eye view as well as a table listing the results of the triplane

strain analysis.
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Strain (3P)
GLS Endo Peak Avg
GLS Endo Peak A4C
GLS Endo Peak A2C
GLS Endo Peak A3C
LVLd (A4C)
LVLs (A4C)
LVLd (A2C)
LVLs (A2C)

Figure 12: Example of a strain analysis. Left ventricular global longitudinal strain value of
-16.6%. The speckle tracking software AutoStrain by TOMTEC Imaging Systems was used.
1: two chamber view, 2: three chamber view, 3: left ventricular focused four chamber view,
4: results of the strain analysis.
LVLd = left ventricular length in diastole, LVLs = left ventricular length in systole.

2.3.3.2 2D CPA Global Longitudinal Strain

2D CPA is a 2D speckle tracking software by TOMTEC Imaging Systems (Munich,
Germany) and provides a semiautomatic offline analysis of cardiac deformation. For
the LV strain assessment with 2D CPA, the selected digitally stored
echocardiographic B-mode images had to be assigned manually to A4C, A2C, and
A3C first. After that, one heart cycle of the loop and its ES and ED time were defined
in M-Mode. Subsequently, the reference points at the mitral annulus and the apex
of the left ventricle had to be set in the ES time point for automatic border detection
of both endocardial and epicardial contours. For a more precious analysis, the
automatically generated contours could be manually readjusted afterwards. After
confirmation of the ES ventricle contours, the software automatically created ED

border contours.
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Strain assessment of the left atrium with 2D CPA was performed largely in the same
way, except that for this analysis only an A4C was required, and the LA reference
points were defined in ED time, which consisted of the mitral annulus and the roof

of the left atrium.

2D CPA strain analysis results included a color rendering of regional myocardial
function in-loop, SR curves, 16-segment bull's-eye plots, and a table listing the

triplane calculated parameters.

ES Border
ED Border

Figure 13: Example of an endomyocardial contouring of the left ventricle in an apical four
chamber view. The speckle tracking software 2D CPA by TOMTEC Imaging Systems was used.

2.3.4 Calculated Parameters

For this diploma thesis, further parameters describing heart function and heart

deformation were measured and calculated, as summarized in Table 4.

LV SV was calculated in both biplane and triplane. According to the Simpson
method of SV calculation, the EDV and the end-systolic volume (ESV) were
determined for the biplane SV in the A4C and A2C with TomTec. Data collection for
triplane calculation of the LV SV was performed with the software 2D CPA using
EDV and ESV in A2C, A3C, and A4C.

35



For the calculation of LV SV following formula was applied, using either biplane or
triplane EDV and ESV:

SV = EDV — ESV
Figure 14: Calculation of the stroke volume.

LVEF was also calculated twice in biplane and triplane. According to the Simpson
method, the biplane LVEF was determined automatically by TomTec based on the
EDV and ESV in A4C and A2C. The triplane LVEF was also calculated automatically
by the software 2D CPA using the EDV and ESV of the A4C, A2C, and A3C.

The left ventricular outflow tract (LVOT) SV was determined with the following

formula:

LVOT\?
LVOT SV = (T) * T[ * VTILVOT

VTI = velocity time integral [cm], LVOT = left ventricular outflow tract [mm]

Figure 15: Calculation of the left ventricular outflow tract stroke volume.

Via the following formula, the left atrial volume (LAV) was mathematically calculated:

Agcn * Azcn
L

A = left atrial area [ml/m?], L = left atrial major axis [cm]

LAV 8
= — %k *
3 s

Figure 16: Calculation of the left atrial volume.

Moreover, linear measurements of the left atrium were performed.

In addition, existing data on the right ventricle and diastolic function were included
in this work. For the evaluation of the RV function, the parameters RV basis diameter
and tricuspid annular plane systolic excursion (TAPSE) were used. Diastolic
function was assessed via the parameters €’ lateral, €’ septal, E/A ratio, and E/e’

ratio.
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Table 4: Executive summary of the measured and calculated parameters.

Parameter Unit
LV EDV biplane mi
LV ESV biplane mi
LV EDV triplane ml
LV ESV triplane mi

LV SV biplane mi
LV SV triplane ml
LVOT SV ml
LV diameter ED mm
LV septum thickness mm
LVEF biplane %
LVEF triplane %
LV AutoStrain %
LV GLS %
LAV ml
LA GLS %
RV basal diameter mm
TAPSE mm
e’ septal cm/s
e’ lateral cm/s
E/A ratio no dimension
E/e’ ratio no dimension

2.4 Statistical Analysis

The required data obtained in TomTec were manually transferred into an Excel
sheet (Microsoft Office 365, Microsoft Corporation, Redmond, US). The results of
the strain analysis performed with 2D CPA were exported via a created macro into

a separate Excel file and checked for plausibility subsequently. After merging both

37



files, the dataset was further statistically analyzed using the statistical program IBM
SPSS Statistics 29 (IBM Corporation, Armonk, New York, US).

All data collected was tested for normal distribution and variance homogeneity.
Normal distribution was evaluated both graphically with histograms and Q-Q-plots
and mathematically with the Shapiro-Wilk test. The z-standardized values of
skewness and kurtosis were additionally calculated and results up to £ 1.96 were
interpreted as normally distributed '?°. If not otherwise declared, values are
presented as mean * standard deviation. This is also true for non-normally
distributed parameters to promote the readability of the results. In this work, LV
volumes, LV diameter ED, LV septum thickness, LVEF, LV strains, LAV, LA GLS
(V1), RV basal diameter, TAPSE, e’ septal, €’ lateral, E/A ratio (V1), and E/e’ ratio
(V4) were normally distributed. LA GLS (V4), E/A ratio (V4), and E/e’ ratio (V1) did
not meet the criteria of normal distribution. For LA GLS (V4) and E/e’ ratio (V1)
normal distribution could be achieved by logarithmizing (log10). Nevertheless, the
initial non-normally distributed measurement values are given in the text for better

comparability.

Furthermore, the absolute differences in LV volumes, LV diameter ED, LV septum
thickness, LVEF, LV strains, LAV, LA GLS, RV diameter basis, TAPSE, e’ septal, €’
lateral, E/A ratio, and E/e’ ratio between visit 1 and visit 4 (V4-V1) were determined
and the paired t-test was used to analyze the significance of these metric
parameters. Although the absolute differences in LAV showed a z-standardized
skewness and in LA GLS and RV diameter a z-standardized kurtosis value slightly
above + 1.96, they were also assumed to be normally distributed due to their
graphical representation and results of the Shapiro-Wilk tests. For correlation
analysis of echocardiographic parameters at visit 4, Spearman’s rank-order
correlation was performed. For all tests, results with (two-sided) p-values

< 0.05 were considered statistically significant.

For a clear presentation of the results, tables (Microsoft Word 365, Microsoft Excel
365) and box plots (IBM SPSS Statistics 29) were created.
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3 Results

For a better overview, the results of descriptive statistics and correlation analysis

are summarized in Tables 5 and 6.

3.1 Subjects

In total, 20 subjects were included in this data analysis. Regarding gender
distribution, 60% (n = 12) were males and 40% (n = 8) were females. The age of
the patients ranged between 49 and 79 years with an average age of 66.69 + 8.80
years (female 67.68 £ 9.52 years, male 66.03 + 8.66 years). The youngest and the

oldest study participants were both male.

3.2 Left Ventricular Volumes

Baseline (V1) biplane LV EDV, LV ESV, and LV SV were assessed in 18 subjects
(10 in the male group, 8 in the female group). Mean biplane LV EDV (V1) was 133.73
1 27.88 ml (males 147.83 £ 24.51 ml, females 116.11 £ 21.82 ml), the mean biplane
LV ESV (V1) was 69.01 £ 20.72 ml (males 77.38 £ 17.62 ml, females 58.55 + 20.46
ml) and the mean biplane LV SV (V1) was 64.72 £ 18.72 ml (males 70.45 + 20.23
ml, females 57.56 £ 14.83 ml).

On visit 4/4 biplane LV EDV, LV ESV, and LV SV were evaluated in 16 subjects (9
in the male group, 7 in the female group). The average biplane LV EDV (V4) was
135.22 + 19.08 ml (males 151.51 £ 28.90 ml, females 114.25 + 19.38 ml), the
average biplane LV ESV (V4) was 71.82 £ 19.08 ml (males 82.38 £+ 12.71 ml,
females 58.25 £ 17.67 ml) and the average biplane LV SV (V4) was 63.40 + 19.43
ml (males 69.16 + 22.68 ml, females 56.00 £ 12.02 ml).

The null hypothesis, that there are no significant differences in biplane LV EDV, LV
ESV, and LV SV between visit 1 and visit 4, could not be rejected with p-values of
0.722 (biplane LV EDV), 0.961 (biplane LV ESV), and 0.788 (biplane LV SV).
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Figure 17: Boxplots of biplane LV EDV and biplane LV ESV at visit 1 and visit 4.
No significant differences between visit 1 and visit 4.
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Figure 18: Boxplot of biplane LV SV at visit 1 and visit 4.
No significant difference between visit 1 and visit 4.

Baseline (V1) triplane LV EDV, LV ESV, and LV SV were also available in 18
patients (10 in the male group, 8 in the female group) and were comparable with the
mean biplane volume measurements: The mean triplane LV EDV (V1) was 134.63
1 30.93 ml (males 148.45 £ 29.91 ml, females 117.36 £ 21.81 ml), the mean triplane
LV ESV (V1) was 67.85 £ 19.02 ml (males 74.92 £ 17.42 ml, females 59.02 + 18.11
ml), and the mean triplane LV SV (V1) was 66.78 + 21.16 ml (males 73.54 + 23.66
ml, females 58.34 + 14.87 ml).

Visit 4/4 triplane LV volume measurements (LV EDV, LV ESV, LV SV) were
assessed in only 13 patients (9 in the male group, 4 in the female group).
Nevertheless, mean triplane volumes were comparable to mean biplane volumes:
The mean triplane LV EDV (V4) was 138.68 + 31.66 ml (males 148.72 ml £ 29.55
ml, females 116.09 £ 26.42 ml), the mean triplane LV ESV (V4) was 71.90 + 15.90
ml (males 76.45 + 13.06 ml, females 61.66 + 18.84 ml), and the mean triplane LV
SV (V4) was 66.78 £ 21.05 ml (males 72.27 £ 20.20 ml, females 54.4 + 19.79 ml).
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There were no significant differences in triplane LV EDV, LV ESV, and LV SV
between visit 1 and visit 4 with p-values of 0.898 (triplane LV EDV), 0.676 (triplane
LV ESV), and 0.473 (triplane LV SV).
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Figure 19: Boxplots of triplane LV EDV and triplane LV ESV at visit 1 and visit 4.
No significant differences between visit 1 and visit 4.
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Figure 20: Boxplots of triplane LV SV and LVOT SV at visit 1 and visit 4.
Triplane LV SV: No significant difference between visit 1 and visit 4.
LVOT SV: Significant difference between visit 1 and visit 4.

LVOT SV (V1) was available in 13 subjects (6 in the male group, 7 in the female
group). The average value was 61.61 + 15.43 ml, higher in males with 67.97 + 5.77
ml than in females with 56.16 £ 19.32 ml. On visit 4/4 LVOT SV was only assessed
in 9 patients (4 in the male group, 5 in the female group) and the mean value was
73.41 = 10.99 ml, again with gender-specific differences (males 79.75 = 3.26 ml,
females 68.34 + 12.70 ml). Although the paired t-test showed a significant difference
in the LVOT SV values between visit 1 and visit 4 with a p-value of 0.024, absolute
LVOT SV did only change by 16.41 £ 14.45 ml in individuals who underwent visit 1
and visit 4.
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3.3 Left Ventricular Diameter End-Diastolic and Left

Ventricular Septum Thickness

Baseline (V1) LV diameter ED and LV septum thickness were evaluated in 13
patients (5 in the male group, 8 in the female group). The mean value of LV diameter
ED (V1) was 49.31 + 6.10 mm, higher in men compared to women (males 51.80 +
7.36 mm, females 47.75 + 5.06 mm). The average value of LV septum thickness
(V1) was 11.62 £ 2.72 mm, higher in women than in men (males 10.40 + 0.89 mm,
females 12.37 £ 3.25 mm).

On visit 4/4 LV diameter ED and LV septum thickness were only assessed in 10
subjects (4 in the male group, 6 in the female group). The average value of LV
diameter ED (V4) was 52.5 + 5.52 mm, again higher in men than women (males
55.50 £ 6.76 mm, females 50.50 £ 3.94 mm). The mean value of LV septum
thickness (V4) was 11.90 + 1.97 mm, also higher in women compared to men (males
11.25 £ 1.71 mm, females 12.33 £ 2.16 mm).

The null hypothesis, that there are no significant differences in both LV diameter ED
and LV septum thickness between visit 1 and visit 4, could not be rejected with p-
values of 0.214 (LV diameter ED) and 0.604 (LV septum thickness).

60,00 | 15,00 T

14,00

5500 |
13,00

50,00 1 12,00

11,00
4500 |
L 10,00 l
40,00 | 900
V1 V4 W1 V4
LV diameter ED LV septum thickness

Figure 21: Boxplots of LV diameter ED and LV septum thickness at visit 1 and visit 4.
No significant differences between visit 1 and visit 4.
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3.4 Left Ventricular Ejection Fraction

On V1/4 both biplane and triplane LVEF were assessed in 18 patients (10 in the
male group, 8 in the female group) and the average values were comparable with
one another: The mean biplane LVEF (V1) was 49 + 10.6% (males 47 + 10.0%,
females 50 £ 11.9%) and the mean triplane LVEF (V1) was 50 £ 9.8% (males 49 +
9.3%, females 50 + 11.0%). Biplane LVEF (V1) values were < 40% in 11.11% (n =
2), between 40 - 49% in 38.89% (n = 7), and =2 50% in 50.00% (n = 9). Triplane
LVEF measurement results were < 40% in 16.67% (n = 3), between 40 - 49% in

38.89% (n = 7), and = 50% in 44.44% (n = 8).

On V4/4 biplane LVEF was evaluated in 16 subjects (9 in the male group, 7 in the
female group). The average biplane LVEF (V4) was 47 = 8.7% (males 45 £ 7.5%,
females 50 + 10.0%). Through biplane evaluation, LVEF (V4) was <49% in 18.75%
(n = 3), between 40 - 49% in 31.25% (n = 5), and = 50% in 50.00% (n = 8) of all
patients. Triplane LVEF (V4) was only available in 13 subjects (9 in the male group,
4 in the female group). The average triplane LVEF (V4) value was 48 £ 7.4% (males
48 + 5.8% and females 47 + 11.4%) and therefore comparable with biplane
measurement results. Triplane LVEF (V4) values were < 40% in 15.38% (n = 2),
between 40 - 49% in 30.77% (n = 4), and =2 50% in 53.85% (n = 7).

The null hypothesis, that there are no significant differences in biplane and triplane
LVEF between visit 1 and visit 4, could not be rejected with p-values of 0.906
(biplane LVEF) and 0.554 (triplane LVEF).
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Figure 22: Boxplots of biplane and triplane LVEF at visit 1 and visit 4.
No significant differences between visit 1 and visit 4.
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3.5 Left Ventricular AutoStrain and Left Ventricular

Global Longitudinal Strain

Baseline LV AutoStrain (V1) was evaluated in 17 patients (10 in the male group, 7
in the female group). The average LV AutoStrain was -19.39 * 3.63%, quite similar
for both genders (males -19.55 + 3.31%, females -19.17 + 4.31%). LV AutoStrain
(V4) was available in 13 patients (8 in the male group, 5 in the female group) with a
mean value of -18.13 + 3.37%. The average LV AutoStrain (V4) was lower in males
compared to females (males -17.54 + 2.33%, females -19.09 + 4.77%). The null
hypothesis, that there is no significant difference in LV AutoStrain between visit 1

and visit 4, could not be rejected with a p-value of 0.460.

LV GLS (V1) was assessed in 18 subjects (10 in the male group, 8 in the female
group). The mean LV GLS was -18.19 + 3.86% without significant gender-
dependent differences (males -18.17 + 4.24%, females -18.22 + 3.61%). On visit
4/4 LV GLS was only available in 13 patients (9 in the male group, 4 in the female
group). The mean LV GLS (V4) value was -17.36 + 3.78%, slightly higher in males
with -17.95 + 3.47% than in females with -16.05 + 4.67%. There was no significant
difference in LV GLS between visit 1 and visit 4 with a p-value of 0.748.
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Figure 23: Boxplots of LV AutoStrain and LV Endo GLS at visit 1 and visit 4.
No significant differences between visit 1 and visit 4.
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3.6 Left Atrial Volume and Left Atrial Global Longitudinal

Strain

LAV (V1) was available in 18 subjects (10 in the male group, 8 in the female group).
The mean LAV (V1) was 69.86 + 21.20 ml without significant differences between
both gender groups (males 70.07 £ 18.87 ml, females 69.57 + 25.16 ml). On visit
4/4 LAV was assessed in 16 patients (9 in the male group, 7 in the female group)
and the average value was 67.15 £ 21.47 ml, also quite similar for men and women
(males 66.70 £ 19.51 ml, females 67.73 + 25.37 ml). There was no significant

difference in LAV between visit 1 and visit 4 with a p-value of 0.676.

Baseline LA GLS (V1) was evaluated in 18 subjects (10 in the male group, 8 in the
female group). The average value was 27.91 + 11.35%, whereby men had higher
values compared to women (males 29.70 + 9.03%, females 25.66 + 14.05%). LA
GLS (V4) was assessed in 15 patients (9 in the male group, 6 in the female group)
and the average value was 27.65 £ 17.22%, slightly higher in men with 28.05 +
10.77% than in women with 27.06 + 25.37%. The null hypothesis, that there is no
significant difference in LA GLS between visit 1 and visit 4, had to be retained with

a p-value of 0.897.
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Figure 24: Boxplots of LAV and LA Endo GLS at visit 1 and visit 4.
No significant differences between visit 1 and visit 4.
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3.7 Right Ventricular Basal Diameter and Tricuspid

Annular Plane Systolic Excursion

RV basal diameter (V1) was assessed in 15 patients (8 in the male group, 7 in the
female group). The average RV basal diameter (V1) was 31.67 + 7.52 mm with
similar values for both genders (males 32.00 £ 8.45 mm, females 31.29 £ 6.95 mm).
On visit 4/4 RV basal diameter was available in only 11 subjects (6 in the male
group, 5 in the female group) with a mean value of 35.54 + 5.28 mm, almost the
same for women and men (males 35.50 £ 5.68 mm, females 35.60 £ 5.41 mm). The
paired t-test showed no significant difference in RV basal diameter between visit 1

and visit 4 with a p-value of 0.214.

Tricuspid annular plane systolic excursion (TAPSE) (V1) was evaluated in 13
patients (7 in the male group, 6 in the female group). The average TAPSE (V1) was
23.00 = 3.58 mm, slightly higher in men than in women (males 23.86 + 3.24 mm,
females 22.00 £ 4.00 mm). TAPSE (V4) was assessed in 11 patients (6 in the male
group, 5 in the female group). The mean TAPSE (V4) was 22.18 + 2.64 mm without
significant gender-specific differences (males 22.33 + 3.20 mm, females 22.00 *
2.12 mm). The null hypothesis, that there is no significant difference in TAPSE

between visit 1 and visit 4, could not be rejected with a p-value of 0.229.

50,00 o8 28,00
_ T
40,00 26,00
2400
30,00 E
22,00
0,00 - 20,00 J_
10,00 18,00
W V4 V1 V4
RV diameter basal TAPSE

Figure 25: Boxplots of RV diameter basal and TAPSE at visit 1 and visit 4.
No significant differences between visit 1 and visit 4.
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3.8 E’ Septal, E’ Lateral, E/A Ratio and E/e’ Ratio

E‘ septal (V1) was available in 13 patients (7 in the male group, 6 in the female
group). The mean e’ septal was 6.41 £ 1.51 cm/s, slightly higher in men than in
women (males 6.99 + 1.65 cm/s, females 5.75 + 1.11 cm/s). On visit 4/4 e’ septal
was only assessed in 8 patients (5 in the male group, 3 in the female group). The
average value of e’ septal (V4) was 6.36 + 1.39 cm/s, nearly the same for men as
women (males 6.28 £ 1.42 cm/s, females 6.5 £ 1.64 cm/s). There was no significant

difference in €’ septal between visit 1 and visit 4 with a p-value of 0.941.

E’ lateral (V1) was evaluated in 13 subjects (7 in the male group, 6 in the female
group) with a mean value of 8.74 £ 2.00 cm/s, which was slightly higher in women
than in men (males 8.40 + 2.18 cm/s, females 9.13 £ 1.87 cm/s). E’ lateral (V4) was
available in 10 patients (each 5 in the male and the female group) with an average
value of 9.40 + 1.91 cm/s, also slightly higher in women compared to men (males
8.66 + 1.93 cm/s, females 10.14 + 1.76 cm/s). The null hypothesis, that there is no
significant difference in e’ lateral between visit 1 and visit 4, had to be retained with

a p-value of 0.134.
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Figure 26: Boxplots of e' septal and e’ lateral at visit 1 and visit 4.
No significant differences between visit 1 and visit 4.

E/A ratio (V1) was assessed in 14 patients (8 in the male group, 6 in the female
group). The mean E/A ratio (V1) was 0.78 + 0.15 (males 0.79 £ 0.15, females 0.77
1 0.16). On visit 4/4 the E/A ratio was available in 10 patients (each 5 in the male
and female group) with an average value of 1.11 + 0.58. The E/A ratio (V4) was

higher in female than in male subjects (males 0.83 £ 0.06, females 1.39 + 0.75).
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The null hypothesis, that there is no significant difference in E/A ratio between visit

1 and visit 4, could not be rejected with a p-value of 0.198.

E/e’ ratio (V1) was available in 13 patients (6 in the male group, 7 in the female
group). The average value was 8.10 = 1.63, slightly higher in men than in women
(males 8.87 = 0.76, females 7.44 £ 0.43). On visit 4/4 the E/e’ ratio was only
evaluated in 9 patients (3 in the male groups, 6 in the female group) with a mean
value of 8.27 + 2.15, again slightly higher in men compared to women (males 9.60
+2.33, women 7.61 £ 1.91). There was no significant difference in E/e’ ratio between

visit 1 and visit 4 with a p-value of 0.483.
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Figure 27: Boxplots of E/A ratio and E/e' ratio at visit 1 and visit 4.
No significant differences between visit 1 and visit 4.
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Table 5: Descriptive statistics. Values are given as mean + standard derivation.

Parameter Visit meant o N
V1 133.73 £ 27.88 ml 18
biplane LV EDV
V4 135.22 £ 19.08 ml 16
V1 69.01 £20.72 ml 18
biplane LV ESV
V4 71.82 +19.08 ml 16
V1 64.72 +18.72 ml 18
biplane LV SV
V4 63.40 £ 19.43 ml 16
V1 134.63 £ 30.93 ml 18
triplane LV EDV
V4 138.68 + 31.66 ml 13
. V1 67.85+19.02 ml 18
triplane LV ESV
V4 71.90 £ 15.90 ml 13
. V1 66.78 £ 21.16 ml 18
triplane LV SV
V4 66.78 +21.05 ml 13
V1 61.61+15.43 ml 13
LVOT SV
V4 73.41 £10.99 ml 9
V1 49.31 £ 6.10 mm 13
LV diameter ED
V4 52.5+5.52 mm 10
V1 11.62 £ 2.72 mm 13
LV septum thickness
V4 11.90 £ 1.97 mm 10
V1 49 + 10.6% 18
biplane LVEF
V4 47 £ 8.7% 16
V1 50 £9.8% 18
triplane LVEF
V4 48 +7.4% 13
V1 -19.39 + 3.63% 17
LV AutoStrain
V4 -18.13 £ 3.37% 13
V1 -18.19 + 3.86% 18
LV GLS
V4 -17.36 £ 3.78% 13
V1 69.86 +21.20 ml 18
LAV
V4 67.15+21.47 ml 16
V1 27.91 £ 11.35% 18
LA GLS
V4 27.65 +17.22% 15
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Parameter Visit meanto N
L V1 31.67 £7.52 mm 15
RV basis diameter

V4 35.54 +5.28 mm 11
V1 23.00 £ 3.58 mm 13

TAPSE
V4 2218 £ 2.64 mm 11
V1 6.41+1.51 cm/s 13

e' septal
V4 6.36 + 1.39 cm/s 8
V1 8.74 +2.00 cm/s 13

e' lateral
V4 9.40+1.91cm/s 10
V1 0.78 +0.15 14

E/A ratio
V4 1.11 +£0.58 10
V1 8.10 + 1.63 13

E/e' ratio
V4 827 +2.15 9

3.9 Correlation Analysis

The classification by Cohen % of weak (0.10 < r < 0.30), moderate (0.30 <r < 0.50),
and strong effects (r 2 0.50) was used to interpret the strength of correlation. R-
values < 0.10 are trivial '26. For better illustration, the results are displayed as a

correlation matrix (see Table 6).

A strong correlation was shown between biplane SV and biplane LVEF (r = 0.556)
as well as LVOT SV and LV diameter ED (r = 0.580). Furthermore, LV Endo GLS
and biplane SV (r =-0.516), LVOT SV (r = -0.536), LV septum thickness (r = 0.794)
biplane LVEF (r = -0.593), LV AutoStrain (r = 0.651), LA Endo GLS (r = -0.681) as
well as RV basis diameter (r = 0.717) correlated strongly. In addition, LV AutoStrain
showed a strong correlation with biplane LVEF (r = -0.536), LA Endo GLS (r =
-0.666) and LV diameter ED (r = 0.518). Furthermore, LV septum thickness
correlated strongly with LA Endo GLS (r = -0.542). Between RV basis diameter and
both LAV (r =0.501) and LV septum thickness (r = 0.731) a strong correlation could
also be determined. Moreover, the TAPSE parameter correlated strongly with LVOT
SV (r=0.511), LAV (r = -0.509), and E/A ratio (r = -0.633). E/A ratio further showed
a strong effect with LVOT SV (r = -0.669) and LV diameter ED (r = -0.794). In the
correlation matrix, the statistically significant (p < 0.05) results are marked with the

symbol *.

50



Table 6: Correlation matrix of volume, linear, and strain parameters at visit 4.

a g
> = " I.Iu-J '% 2 9 qé
) 7 5 (58| > = o o s w 2
o © 2 c =l ] o > o © n ®
c = = o X o 10 -] < ° o >
] o = "o c 5 c 4 c 2 < <
2 1 23 |5 |>| g |2 |v w 8 | F | o
] S ax* = > > < -1
K] -l - -l
- >
14
biplane SV -0.167 -0.047 0.191 [ 0.164 |-0.282 | 0.028
LVOT SV 0.029 0.150 | 0.119 | -0.176
LV diameter ED |-0.167 0.258 | 0.100 0.250 | 0.165
LV septum 0.029 | 0.258 0.051 | -0.092 0.056
thickness
biplane LVEF 0.100 | 0.051 0.239 0.009 [-0.158
LV AutoStrain -0.047 -0.092 0.179 0.108
LV Endo GLS 0.247 -0.187 | 0.262
LAV 0.191 | 0.150 0.179 | 0.247 0.195
LA Endo GLS 0.164 | 0.119 0.239 -0.276
RV basis diameter [-0.282|-0.176 | 0.250 -0.105 | 0.070
TAPSE 0.028 0.165 | 0.056 | 0.009 -0.187 -0.105
E/A ratio -0.158 | 0.108 | 0.262 | 0.195 | -0.276 | 0.070
@ strong correlation @ moderate correlation weak correlation trivial effect
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4 Discussion

In this thesis, echocardiographic changes following spermidine administration in
hypertensive individuals showed that 1) there was no change in LV volumes and
function, 2) there was no change in RV diameter and function, 3) there was no
change in LA diameter and function, and 4) there was no change in parameters

reflecting the diastolic function.

4.1 The Role of Transthoracic Echocardiography in

Arterial Hypertension

2D TTE has long been proven as a reliable, non-invasive diagnostic tool for the
assessment of LV mass 27129 |t shows higher sensitivity and specificity for the
detection of arterial hypertension by identifying LVH compared to ECG 3°. LVH is
caused by hypertension-induced persistent pressure overload *° and has already
long been known as a high-risk factor for cardiovascular morbid events and all-
cause mortality, independent of age, blood pressure level, and other cardiovascular

risk factors 130-132,

In an early report of the Framingham Heart Study already published in 1989, Levy
et al. 133 focused on the correlation of LV mass and incidence of coronary heart
disease in 406 male and 735 female subjects older than 40 years. This report
demonstrated a clear correlation between LVH and the incidence of coronary heart
disease for both genders over a follow-up interval of four years. Furthermore, Levi
et al. 13 determined that LVH has a negative prognostic effect in middle-aged

patients too.

Another very early report published by Casale et al. '3° discussed a higher risk for
cardiovascular events in men with mild hypertension disease but pre-existing
echocardiographically determined LVH. In this study, 140 male subjects were

included of whom 14 showed cardiovascular events in the course.

Verdecchia et al. '3! observed a patient cohort of 2363 initially untreated patients
with essential hypertension over 14 years and established a higher risk for stroke

and transient ischemic attack in hypertensive patients with diagnosed LVH.
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Moreover, Devereux et al. '3 demonstrated in a prospective study including 941
patients with essential hypertension that a reduction in LV mass during

antihypertensive therapy results in a lower risk for cardiovascular morbid events.

Similar results are discussed in an extensive published meta-analysis, which
included 1064 hypertensive patients. This data also showed an association between
the regression of LVH during antihypertensive treatment and a significant decrease

in CVD compared to new or enhanced LVH 37,

These published data clarify the importance of 2D TTE for the assessment of LVH
and cardiovascular risk evaluation in patients with hypertensive disease. Therefore,
TTE has long been established as a significant prognostic tool in the clinical practice

of arterial hypertension.

In addition, 2D TTE can be used to assess LV systolic function via LVEF. Given the
fact that LVEF can be normal in the case of LV concentric hypertrophy, LVEF does

not represent a precise diagnostic value for arterial hypertension 38139,

In this study, the LV septum thickness was used for the evaluation of LVH. The
results of this study showed a mean LV septum thickness of 11.25 + 1.71 mm for
males and 12.33 + 2.16 mm for females on visit 4. Compared to the normal
reference values for each gender (males 6 — 10 mm, females 6 — 9 mm) &, men and
women showed a mild increase in LV septum thickness. Since these patients are
suffering from persistent arterial hypertension, even a higher increase in LV septum
thickness was to be expected. Based on the published data it can be assumed that

these subjects are at higher risk for cardiovascular morbid events.

4.1.1 Diastolic Dysfunction in Arterial Hypertension

Arterial hypertension represents the most common cause of diastolic heart
failure 14°. Hypertension-induced LV remodeling affects the LV diastolic function by
changes in LV filling rate and LV relaxation '#! and in most hypertensive patients,
diastolic LV dysfunction is the first recognizable manifestation of heart disease '42.
Data published a long time ago already reported a reduction of LV filling rate in the
early stages of hypertension disease without affected cardiac output or LVEF 41143,

LV diastolic dysfunction is especially associated with HFpEF 144145,
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TTE is the most used diagnostic tool for the detection of LV diastolic function %6 and
should be part of routine diagnostic, especially in subjects with dyspnea or heart
failure '¥7. There are several echocardiographic parameters to assess LV diastolic
function, e.g. €’, E/A ratio, E/E ratio, and LA strain 4. Schillaci et al. '8 observed
1839 hypertensive subjects without prior cardiovascular events up to 11 years. It is
reported that an early determination of impaired diastolic relaxation by Doppler
techniques enables the detection of hypertensive patients at higher risk for

cardiovascular events, independent of LVH and blood pressure levels.

In this work, LV diastolic function was evaluated based on €’ lateral, €’ septal, E/A
ratio, and E/e’ ratio. The results of this study showed only slightly reduced LV
diastolic function without significant changes between visit 1 and visit 4. A more

limited diastolic function was to be expected due to arterial hypertension.

4.2 Deformation Imaging in Arterial Hypertension

Strain analysis represents a relatively new diagnostic tool for the assessment of
heart function in patients with cardiac diseases. Even though there is limited
evidence regarding the assessment of strain in hypertensive patients, GLS appears
to be a reliable parameter for the detection of LV dysfunction 67.84.8.139 Egpecially
in the early stages of arterial hypertension, deformation imaging seems to be very
useful for the detection of systolic dysfunction. Previously published studies
reported significantly reduced GLS values in patients with arterial hypertension and
preserved LVEF 121.149-151

Imbalzano et al. '?! looked at the benefits of deformation imaging for the detection
of hypertension-induced early subclinical dysfunction and found reduced GLS
values in both patients with and without LVH. In contrast, conventional TTE did not
detect systolic dysfunction in both groups and TDI did only in the patients with pre-
existing LVH.

Gongalves et al. '*® published a study including hypertensive (n = 229) and
normotensive (n = 20) subjects to detect subclinical LV dysfunction in hypertensive

patients with preserved LVEF (> 55%) by the assessment of strain. This study
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determined subclinical LV dysfunction in 15.3% of all hypertensive patients with the

absence of LVEF reduction.

Furthermore, Kosmala et al. ' compared speckle tracking and TDI strain
measurements in hypertensive subjects with heart failure and showed that LV GLS
decreased progressively with hypertension-induced heart failure classified by the
New York Heart Association (NYHA) | to IV. The comparability of strain values
measured by STE and TDI were within acceptable ranges. Changes in LV GCS and
GRS were described in the advanced stages of NYHA Il and NYHA V.

Moreover, a small study by Sengupta et al. ' showed significantly reduced
subendocardial and subepicardial longitudinal strain values in hypertensive subjects
with preserved LVEF. In contrast, the circumferential strain was only reduced in
subepicardial layers, and the radial strain showed no significant reduction in any of

the regions.

All'in all, GLS appears to be a meaningful parameter for the detection of subclinical
LV systolic dysfunction, despite the presence of LVH and reduced LVEF. Therefore,
strain analysis could be very useful for adequate clinical management and the
assessment of risk for heart failure in hypertensive patients. However,
recommendations for international standardized values of strain values in healthy
patients and reference values for the interpretation of heart dysfunction in

hypertensive patients are still missing.

In this work, for the evaluation of LV heart function strain analyses included LV Endo
GLS and LV AutoStrain. As expected, the results of this thesis showed a significantly
negative correlation between LV Endo GLS and biplane LVEF (r = -0.593) and a
significantly positive correlation between LV Endo GLS and LV AutoStrain (r =
0.651). The slightly more negative values of LV AutoStrain compared to LV Endo
GLS may most likely be due to the different analysis methods. In comparison to the
published LV GLS average value of -19.7% by Yingchoncharoen et al. 88, this work
only showed a slightly less negative LV GLS standard value of -18.19% on visit 1
and an even slightly less negative LV GLS of -17.36% on visit 4. There was no
significant difference in LV GLS values between visit 1 and visit 4. Due to the minor
differences compared to the reference values and the small study population, the

results of this thesis do not provide any further insights into the possible benefits of
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strain imaging for the early detection of subclinical systolic dysfunction in

hypertensive disease.

4.3 Possible Interactions of Spermidine with the Heart

The supplementation of spermidine, a natural autophagy inducer, is associated with
healthful properties against CVD, metabolic disease, and neurodegenerative

ChangeS 124,152,153

Eisenberg et al. 2 already demonstrated the possible cardioprotective effects of
dietary spermidine intake in rodent animal models. In this animal study, a
significantly extended lifespan could be established in both, mice models fed
spermidine for life and those fed late in life. In addition, a maintained diastolic
function detected by reduced LV ED pressures and higher LV elasticity was
observed in mice. Moreover, improving effects on cardiomyocyte composition and
function could be demonstrated, suggesting spermidine has intrinsic properties on
cardiomyocytes. This animal study also showed the need for spermidine-induced
autophagy for cardioprotective effects. Furthermore, in Dahl salt-sensitive rats an
increased intake of spermidine resulted in reduced salt-induced LVH remodeling of
the aged heart, lower levels of blood pressure, and a prolonged period until the

occurrence of heart failure.

Eisenberg et al. '?* also evaluated the protective effects of spermidine
supplementation on CVD and blood pressure in human beings, based on
prospective epidemiologic data from the Bruneck study '%. It could be demonstrated
that dietary intake of spermidine correlated inversely with human CVD. Specifically,
a higher spermidine intake reduced the risk of fatal heart failure by approximately
40% compared to a lower spermidine intake and spermidine was associated
significantly inverse with the plasma level of the biomarker N-terminal pro B-type
natriuretic peptide (NT-proBNP). In addition, significantly lower arterial blood
pressure was observed in the subjects with high levels of spermidine compared to
the subjects with low levels. In contrast, putrescine showed blood pressure
increasing properties. Moreover, an inverse correlation between higher spermidine
intake and acute coronary heart disease, stroke as well as vascular disease

resulting in death could be demonstrated 124.
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In addition, Kiechl et al. ' reported an association between dietary spermidine
intake and prolonged survival in human beings in a prospective population-based

trial.

These data also indicate the cardioprotective properties of spermidine in human
beings. However, the results of this work showed neither structural changes in the
human heart function nor reduced arterial blood pressure levels in patients with
hypertensive disease and spermidine supplementation, as assessed by various
echocardiographic parameters. Given the low concentration of spermidine
administered orally, the short period of supplementation, and the small number of

subjects included, no other results were to be expected.

4.4 Limitations and Strengths

The main limitations of this study result primarily from its retrospective design and
use of postprocessing imaging. Because of the partially low image quality and
resulting poor measurement conditions, both the author's manual measurements
and semiautomatic border detection for strain analysis were partly difficult to
implement. A further limitation of this work represents the low significance of the
results due to the small number of measurements of each parameter, which was
not only caused by the small number of subjects included, but also by lack of visits
and missing single views as well as the poor imaging quality mentioned above.
Moreover, it must be considered that this work only compared the baseline values
with the values at visit 4 and that therefore 50% of the subjects underwent the
washout phase over the second half of the observation period. Another important
limitation of this work is that due to the SMARTEST trial still ongoing, only
echocardiographic data was used and biometric data could not be included. In

addition, no direct group comparison was possible as the subjects were still blinded.

The major strength of this work represents the validity of the performed transthoracic
echocardiographic examinations, investigated by experienced cardiologists.
Furthermore, for precise post-imaging measurements, the author of this thesis was
trained by expert cardiologists for some time until achieving routine and correct
measurement values for several sample patients. For this reason, biplane and

triplane measurements showed continuously comparable values. Another strength
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of this work is that all measurements of all visits were performed twice for accurate
results. Moreover, to avoid bias, not all visits from one patient were analyzed
consecutively, but the same visits of three patients were always measured one after

another.

4.5 Conclusion

The results of this work could not prove the possible cardioprotective effects of the
polyamine spermidine on human heart function in subjects with arterial
hypertension. Spermidine did not affect any significant changes in volume, linear,
and strain parameters. Nevertheless, this study could demonstrate the safety of oral
spermidine supplementation concerning the myocardial function in hypertensive
patients, assessed by both standard echocardiographic and strain parameters. For
the determination of the potential cardioprotective properties of spermidine in
human beings and a better understanding of the role of changes in GLS in

hypertension disease, further clinical research is necessary.
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