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Abstract 
Background: Cardiovascular disease characteristics are often measured using a 
combination of different measurement modalities. By combining information 
from these modalities using statistical modelling we can gain additional 
knowledge about these diseases.  

Patients with hereditary transthyretin amyloidosis (ATTRv amyloidosis) often 
present with heart rate disturbances and ventricular hypertrophy. Although 
ATTRv amyloidosis can lead to a thick ventricular myocardium and heart failure 
this can also be due to other pathologies e.g. hypertrophic cardiomyopathy 
(HCM), which may lead to misdiagnosis. Children with hereditary long QT 
syndrome (LQTS) carry the risk of lethal cardiac events linked to increased 
sympathetic activity. If the regulatory pattern, measured by heart rate variability 
(HRV), could differentiate between LQTS genotypes and healthy children during 
childhood, it may then establish a role for HRV in evaluating such patients. 
Statins is the most common pharmaceutical treatment for atherosclerosis. 
However, the effect of statins on coronary calcification has shown mixed results 
between studies. 

Aim: The overall aim of this thesis was to use statistically rigorous methodology 
to explore stratification of subgroups of patients and estimate treatment effects 
in diseases with cardiac involvement. The specific aims were: to evaluate 
discriminating features between ATTRv amyloidosis and HCM patients in 
different clinical examinations of their hearts; to evaluate the longitudinal growth 
pattern in HRV in children with LQTS; and, to estimate the short- and long-term 
treatment effects of statin treatment on coronary calcification in patients with 
coronary arteriosclerosis.  

Methods: In Study I we used classification and regression trees in order to create 
a clinical interpretable decision tree in order to differentiate between 35 ATTRv 
amyloidosis patients and 37 HCM patients based on features derived from 
echocardiography and ECG. In Study II a retrospective sample of 38 ATTRv 
amyloidosis patients, 41 HCM patients and 62 healthy controls were analyzed 
using k-means clustering and Random forest models in order to investigate 
similarities and differences in echocardiographic features and HRV. In Study III 
we calculated gender and treatment dependent age trends for spectral HRV 
features from longitudinal measurements from 70 children with LQTS (58 LQT1, 
12 LQT2) and 65 healthy controls, using generalized additive mixed effects 
models. In Study IV data from two large clinical trials, in total 1585 patients with 
mild cardiac symptoms, was used to estimate the short- and long-term treatment 
effects of statin treatment on coronary calcification. 
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Results: In study I we found that a decision tree using both ECG and 
echocardiographic measurements provided the best separation between HCM 
and ATTRv amyloidosis. In study II we found that HRV could be used for 
discriminating between these diseases and that abnormalities in HRV are related 
on ATTRv fibril type but uncommon in HCM. In study III we found that the age 
trend in HRV in LQTS-patients showed no clear differences between controls and 
patients different LQTS genotypes. In study IV we found that high dose statin 
treatment resulted in a dose dependent increase in calcium score at both short- 
and long-term follow up. At the long-term follow up, we found no evidence to 
suggest that the increased calcium score had resulted in increased cardiac events. 

Conclusions: The results from our studies could be used for differentiating 
HCM and ATTRv amyloidosis patients. The heterogeneity within these patient 
groups could further be characterized using features from echocardiography and 
HRV. Our data do not support evidence for a different age trend in HRV 
parameters in children with LQTS compared to controls of similar age. We also 
found that statin treatment increased calcium score on both short-and long-term 
follow up. Taken together the results and methods from this thesis may be used 
for future support in clinical decisions regarding patient stratification and 
knowledge of treatment effects. 



 

v 

Abbreviations 
 

AL Amyloid light-chain 
ATTRv Hereditary amyloid transthyretin 
ATTR-A ATTRv amyloidosis patients with amyloid fibril type A 
ATTR-B ATTRv amyloidosis patients with amyloid fibril type B 
ATTRwt Wild type amyloid TTR 
AUC Area Under the Curve 
BSA Body Surface Area 
CAC Coronary Artery Calcium 
CAD Coronary Artery Disease 
CART Classification and Regression Trees 
CT Computer Tomography 
cv.err Cross validation error 
EBCT Electron beam Computer Tomography 
EBEAT Electron Beam Computer Tomography Assessment of 

Coronary Calcification in High Risk Patients with Minimal or 
Moderate Coronary Arteriosclerosis 

ECG Electrocardiography 
GAMM Generalized additive mixed model 
GLM Generalized Linear Model 
GSM Grayscale Median 
HCM Hypertrophic Cardiomyopathy 
HDL High-density Lipoprotein 
HF High frequency 
HRV Heart rate variability 
JLNS Jervell and Lange-Nielsen Syndrome 
LDL Low-density lipoprotein 
LF Low frequency 
LQTS Long QT Syndrome 
LV Left Ventricular 
NN Normal-to-normal 
OOB Out Of Bag 
PCA Principal Component Analysis 
Ptot Total integrated power spectrum 
QTc Corrected QT-interval 
ROC Receiver-Operating Characteristics 
RR Time between consecutive R waves in ECG 
SCD Sudden cardiac death 
SFHS St. Francis Heart Study 
TTR Transthyretin 
ULF Ultra-low frequency 
VLF Very low frequency 
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Sammanfattning på svenska 
Hjärt-kärlsjukdomar är den ledande dödsorsaken i Sverige. I denna avhandling 
använder vi avancerad statistisk modellering för att öka förståelsen kring tre 
ovanliga sjukdomar med ärftligt ursprung som alla påverkar hjärtats funktion. Vi 
studerar även påverkan av behandling med blodfettssänkande medicin mot en av 
de stora folksjukdomarna: åderförfettning. 

Ärftlig transtyretin amyloid (ATTRv)-amyloidos är en ovanlig och dödlig sjukdom 
som karaktäriseras av inlagringar, så kallade amyloidfibriller, av ett muterat 
protein, transtyretin, i bland annat kroppens nervsystem och hjärta. 
Hjärtkomplikationer hos individer med ATTRv-amyloidos är vanligt och det 
finns ett samband mellan sammansättningen av amyloidfibrillen och graden av 
hjärtpåverkan i sjukdomsgruppen. Individer med ATTRv-amyloidos med kraftig 
påverkan på hjärtat drabbas ofta av uttalad hjärtmuskelförstoring. 
Hjärtmuskelförstoring är även ett definierande fynd hos individer med ärftlig 
hypertrof kardiomyopati (HCM). Vid en initial undersökning, som ofta utförs 
med hjälp av hjärtultraljud och EKG, kan det vara svårt att skilja patienter med 
ATTRv-amyloidos från de med HCM eftersom de kan uppvisa liknande 
förändringar i hjärtmuskeln. Detta kan i sin tur leda till en fördröjd diagnos vilket 
kan vara förödande för patienter med ATTRv-amyloidos som har en mer 
progressiv sjukdom. Det är därför viktigt att identifiera faktorer som kan skilja 
dessa sjukdomar åt. 

En annan sjukdom med genetisk påverkan på hjärtat är den ärftliga sjukdomen 
långt QT-syndrom (LQTS). Individer med LQTS har en störning i 
hjärtmuskelcellernas jonkanaler vilket leder till en försämrad elektrisk 
återhämtning av hjärtat mellan varje hjärtslag. Detta gör att de är känsliga för 
olika typer av pulsökande stimulus. När hjärtat inte hinner återhämta sig mellan 
hjärtslagen kan detta leda till livsfarliga hjärtrytmrubbningar. LQTS är en av de 
vanligaste orsakerna till plötslig hjärtdöd bland barn och det är därför viktigt att 
identifiera utmärkande avvikelser i denna grupp. 

Åderförfettning, åderförkalkning eller ateroskleros är en naturligt förkommande 
inflammatorisk process i blodkärlen som kan observeras från tidig ålder. Vid 
åderförfettning ansamlas fett i blodkärlen vilket bland annat leder till 
kärlförträngningar. Faktorer som ålder, arv, förhöjda blodfetter, högt blodtryck, 
övervikt, rökning och diabetes accelererar bildandet av kärlförträngningar. 
Åderförfettning i hjärtats blodkärl är en bidragande orsak till kärlkramp och 
hjärtinfarkt. När förträngningarna bildats sker det en förkalkning av dem och 
dess utbredning går att mäta med en bildgivande diagnostisk metod: 
datortomografi. Blodfettssänkande medicinering med statiner dämpar bildandet 
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av förträngningar och har visat sig minska risken för kardiovaskulära händelser, 
så som stroke och hjärtinfarkt. Det råder dock en osäkerhet om hur 
statinbehandlingen påverkar förkalkningen av kärlförträngningar i hjärtat och 
om förkalkning i sig skall ses som något negativt.  

Kroppens reglering av hjärtslagen kan mätas med hjälp av analys av variationen 
mellan efterföljande hjärtslag, så kallad hjärtfrekvensvariabilitet (HRV). En 
nedsatt HRV motsvarar en nedsatt autonom reglering. Tidigare studier har visat 
att individer med ATTRv-amyloidos ofta har en kraftigt reducerad HRV. Det är 
mycket troligt att denna reduktion är kraftigare hos patienter som även har 
hjärtmuskelförstoringar men det är ännu inte vetenskapligt klarlagt. Regleringen 
av hjärtfrekvensen är även av intresse vid LQTS då snabba förändringar i 
hjärtrytmen anses vara en bidragande orsak till symptom. Det finns genetisk 
variation inom LQTS-gruppen som även visar sig i symptombilden och därför är 
det intressant att studera om även HRV skiljer sig mellan LQTS-patienter med 
olika genetiska typer och friska individer. 

Syftet med denna avhandlingen var att ta fram statistiska analysmodeller som 
underlag för att undersöka sjukdomarnas inverkan på hjärtat. I delarbete I var 
målet att undersöka hur variabler från hjärtultraljud i kombination med EKG kan 
användas för att särskilja mellan patienter med ATTRv-amyloidos och HCM. I 
delarbete II analyserade vi parametrar från rutinmässiga ultraljud och HRV i 
syfte att identifiera undergrupper inom ATTRv och HCM där sjukdomarna liknar 
varandra eller skiljer sig åt. Vi ville även undersöka om det fanns ett samband 
mellan amyloidfibrillens sammansättning hos ATTRv-amyloidos patienter och 
nedsatt förmåga att reglera hjärtfrekvensen. Det primära syftet i delarbete III 
var att kartlägga hur HRV ser ut för barn med LQTS i olika åldrar och hur deras 
HRV relaterar till friska kontroller samt om den är olika mellan individer med 
olika genetisk typ inom LQTS-gruppen. Syftet med delarbete IV var att 
uppskatta hur statinbehandling påverkar utbredningen av calciuminlagringar i 
hjärtats kranskärl. 

Huvudsakligt fokus i avhandlingen är avancerad statistisk modellering av data i 
de utvalda kliniska forskningsprojekten. I delarbete I använde vi 
klassificeringsträd för att skapa en beslutsmodell för att skilja mellan ATTRv-
amyloidos och HCM. I delarbete II använde vi klusteranalys för att identifiera 
undergrupper av individer med liknande mönster i mätningar med ultraljud på 
hjärtat och HRV bland individer med HCM eller ATTRv-amyloidos. I delarbete 
II använde vi även en populär maskininlärningsmetod, Random Forest, för 
klassificering av sjukdomsgrupperna. I delarbete III uppskattade vi den 
åldersrelaterade trenden i HRV hos barn och ungdomar med LQTS med hjälp av 
generaliserade additiva linjära modeller på longitudinella mätningar av HRV. I 
delarbete IV analyserade vi data från två stora kliniska prövningar där vi 
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modellerade ökningen av förkalkning i blodkärl under kort och lång 
uppföljningstid vid olika nivåer av statinbehandling. 

Resultat 

Genom att kombinera information från EKG och hjärtultraljud kunde vi i 
delarbete I skapa en modell för att skilja mellan individer med HCM och 
ATTRv-amyloidos. Vi noterade att en förhöjd elektrisk aktivitet i hjärtat i 
kombination med en asymmetrisk hjärtmuskelförstoring bäst separerade 
individer med HCM från ATTRv-gruppen. I delarbete II identifierade att HRV 
potentiellt kan användas för att identifiera ATTRv-patienter som vid ultraljud 
kan likna HCM-patienter och att tydligt nedsatt HRV inte kännetecknar individer 
med HCM. Vi visade även på ett starkt samband mellan förmåga att reglera 
hjärtfrekvensen och typen av amyloidfibriller hos individer med individer med 
ATTRv-amyloidos. 

Vi kunde inte identifiera ett klart avvikande mönster i HRV mellan individer med 
den vanligaste genetiska typen hos LQTS (LQT1) och friska kontroller i 
delarbete III. Individer med en annan genotyp hade en tendens till förhöjd 
HRV och uppvisade även tecken på ett avvikande mönster i 
hjärtfrekvensregleringen nattetid. 

Graden av förkalkningen i kranskärl ökade med statinbehandling och vi såg ett 
positivt samband mellan behandlingsdos och ökad förkalkning i delarbete IV. 
Vi kunde inte relatera denna ökning till ett högre antal kardiovaskulära händelser 
under studietiden. 

Sammanfattningsvis gav resultaten i denna avhandling en förbättrad insikt i hur 
olika mätningar på hjärtat kan förklara olika sjukdomars påverkan på hjärtat. 
Resultatet kan användas för att underlätta diagnostisering vid misstanke om 
ATTRv-amyloidos redan vid en första rutinundersökning av hjärtat, motivera fler 
studier på HRV bland barn med LQTS samt öka förståelsen av statiners påverkan 
på inlagring av kalk i kranskärlen. 
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Introduction 
Understanding heterogeneity and homogeneity within and between diseases is 
important as it gives the medical expertise a foundation for care and treatment 
strategies. However, for rare diseases, limited amount of research data often 
prevents the analyses of subgroups or other aspects of heterogeneity. This may 
lead to a lack of evidence for different types of clinical decisions, beyond 
experience. 

The main theme of this thesis is about exploring hetero- and homogeneity in 
diseases with cardiac involvement using a range of statistical and machine 
learning tools chosen to evaluate each specific research question. The first three 
papers examine differences between and within rare genetic diseases using 
measurements of both conventional variables used in clinical practice and 
derived variables more commonly used in research. 

This thesis focuses on statistical modelling and analysis of several aspects on the 
adaptation of the cardiovascular system. The cardiovascular system is essential 
and complex. It has the ability to adapt to physical and psychological stress, 
environmental changes, aging and potential functional dysfunction induced by 
disease. The autonomic regulation of the heart rate is a key component in the 
cardiovascular adaptation. It is driven by the two sub-systems: the 
parasympathetic system and the sympathetic system. The activity of these 
systems is determined by outer stimuli from environment; internal processes as 
respiration and biomechanical function of the heart; and through a complex 
feedback system of reflexes and biomechanical receptors that depend on 
parameters such as heart rate, blood pressure and blood oxygenation. Thus, the 
autonomic regulation of one heartbeat adapts to the previous heartbeats and any 
process that affects the cardiac output is also transmitted into the autonomic 
regulation. In this thesis the autonomic regulation was assessed by studying 
signals originating directly from the heart, through heart rate variability. 

The beating heart is a muscle that can have structural changes due to disease. 
These changes are often measured using echocardiography. For hereditary 
transthyretin amyloid (ATTRv) amyloidosis patients, deposits of amyloid fibrils 
interfere with both the autonomic regulation of the heart as well as introducing 
morphological abnormalities in the cardiac muscle. Another disease group with 
mainly cardiac involvement is hypertrophic cardiomyopathy (HCM) which is 
characterized by gross thickness of the interventricular septum. The structural 
changes within amyloid patients are not homogenous and some amyloid patients 
show abnormalities similar to those in the HCM population. Study I focus on 
how to discriminate these groups using echocardiographic and 
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electrocardiographic predictors and Study II explores the within disease 
heterogeneity and between disease similarities of structural changes and cardiac 
autonomic regulation. 

Patients with congenital long QT-syndrome (LQTS) has genetically disturbed 
cardiac ion channels which causes prolonged repolarization of the heartbeat. 
Study III assesses how well regulatory features of the heart corresponds to 
heterogeneity between different genotypes, treatment and their relation to a 
healthy population in children and adolescents over the ages 1-18 years. 

Another component for cardiovascular health is the ability to maintain function 
over the influence of age and lifestyle. As we age, we accumulate atherosclerotic 
plaque in the vessel walls. The modern lifestyle supersedes the adaptive ability of 
blood vessels to adapt to the natural aging process and the formation of plaque in 
coronary arteries. Arthrosclerosis is assumed to be accelerated by increases in 
blood lipids which we now try to suppress through medication, where the 
treatment with statins is of special interest in this thesis. In Study IV we study 
the link between statin treatment and coronary calcification which also plays part 
in the formation of atherosclerotic plaque. 

The common thread in this thesis is the combination of measurement modalities 
and the application of specific statistical analysis and learning methods – a 
combination that can give a deeper understanding of the heterogeneity and 
treatment effects in diseases with cardiac involvement. 
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Background 
This section gives a brief overview of the clinical methodology and studied patient 
groups. The specific clinical research rationales are described at the end of this 
section. 

Regulation of the heartbeat 
The rate of heart contractions varies with the environment. The ability to regulate 
the heart rate is crucial to maintain a normal function. Cardiac output is defined 
as the product of heart rate and stroke volume. When needed, the heart rate 
should be able to rise to enable fast transportation of blood through the 
cardiovascular system and then drop to ensure proper adjustments to resting 
conditions. Healthy individuals have a good ability to regulate the heartbeat. 
Fitness can increase this ability while age or stress will decrease it (Bonnemeier 
et al., 2003; Carter et al., 2003). 

The heart rate is constantly regulated by the autonomic nervous system; it 
decreases through vagal stimulation in the parasympathetic nervous system and 
increases by stimulation through the sympathetic system (Malik et al., 1996). The 
parasympathetic regulation originates from the vasomotor center in the brain 
and a single impulse can result in a response on the heart rate within 400 ms. The 
sympathetic response is slower (up to 5 s) as stimulus will be propagated through 
the spinal cord to the sympathetic trunk before reaching the heart through the 
sympathetic nerves (Hainsworth, 1995). The resulting autonomic regulation is 
thus dependent on the two systems where the parasympathetic activity is 
dominant at rest and the sympathetic will be more dominant during increased 
activity. 

In addition to the nervous system, the heart rate is regulated by a complex 
feedback loop involving hormones (the renin-angiotensin systems) and several 
types of receptors and mechanisms both inside and outside the heart (Mccraty & 
Shaffer, 2015). Among the most important are arterial baroreceptors which react 
to increases in blood pressure. Respiration has a cyclic influence on the heart rate 
originating from both a direct relationship through the respiratory control center 
and respiratory receptors and an indirect influence by periodically affecting the 
venous return. Stroke volume is dependent on the cardiac contractility and 
venous return from the previous heartbeats so the effect of respiration will impact 
the cardiac output which in turn will affect blood pressure (Hainsworth, 1995; 
Shaffer et al., 2014).  
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As the autonomic regulation is driven by many different processes direct 
measurements are almost impossible. However, there are several methods for 
accessing information of different components of the regulation system non-
invasively through biological signals of the heart rate, breathing and blood 
pressure. In this thesis we analyzed the variations in the heart rate in order to 
evaluate the autonomic regulation. 

Heart rate variability 
The constant regulation of the heartbeat is reflected in the beat-to-beat variations 
in heart rate. With the use of electrocardiogram (ECG) we can capture the 
electrical pattern of the depolarization and repolarization at each heartbeat. The 
time between two consecutive heartbeats can be measured by the distance 
between the R-waves in the ECG (RR intervals). The heart rate variability (HRV) 
is the measured variation between RR intervals. 

HRV has several clinical applications such as detecting abnormalities in 
autonomic regulation, identifying neuropathies (Malik et al., 1996) and 
evaluating risk of mortality after acute myocardial infarction (Huikuri et al., 
2000). A depressed HRV has been related to an increased risk of for ventricular 
arrhythmia and sudden cardiac death (SCD) for several cardiac diseases 
(Battipaglia et al., 2010, 2012; Galinier, 2000). Outside the clinical environment 
HRV is used in sports applications, typically as a measure for cardiac stress when 
measuring recovery. 

There are two types of ECG recordings for HRV: short-term and long-term 
recordings. Short-term recordings are often conducted together with an 
intervention such as an orthostatic test (tilt-test) or controlled deep breathing in 
order to provoke a response that triggers the automatic nervous system over 
duration of 2-5 minutes. Long-term recordings are made using a Holter 
monitoring system, a portable ECG-recording device, which is carried by the 
subject for at least 24 hours. Thus, the short term HRV is captured in a very 
controlled environment whereas the long-term HRV is monitored during daily 
activities. It is therefore important to take note of these differences when 
interpreting the HRV at analysis (Hayano & Yuda, 2019). For 24-hour recordings 
the influence of physical activity during daytime can potentially dominate the 
regulatory processes. Thus, when analyzing the regulatory patterns of HRV from 
24-hour recordings separate analysis for the two segments might be advisable 
(Hayano et al., 2018). 

There are several factors that affect the heart rate variability. As the inverse of the 
average RR-interval is the average heart rate, there is a strong mathematical 
relationship between the average heart rate and the variability between RR-
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intervals (Sacha & Pluta, 2008). The beat-to-beat variations will decrease with an 
increase in average heart rate and the RR-variability will non-linearly increase 
with an increase in variability in heart rate, dependent of the average heart rate. 

HRV will decrease with increased age in adults in a linear fashion (Voss et al., 
2015; Wiklund, 2001). In young children, the effect of age on HRV is even more 
apparent as the influence of heart rate is more prominent (Billman et al., 2019). 
Sex also influences to HRV where females, compared to men, tend to show more 
vagal activity in all ages and lower sympathetic activity in adults (Voss et al., 
2015). In children the effect of sex on HRV is not very prominent, most small and 
moderate studies fail to disclose a difference in HRV between boys and girls 
(Bobkowski et al., 2017; Seppälä et al., 2014). Larger studies have disclosed 
differences between sex in ages 10-16 which are likely to be related to regulatory 
changes due to puberty or differences in daily activity patterns between boys and 
girls (Galeev et al., 2002; Jarrin et al., 2015). It is therefore important to account 
for influence of both age and sex when analyzing HRV.  

Beta-blocker treatment reduces the average heart rate. This implies that the effect 
of beta-blockers treatment will affect HRV in both indirectly by altering the 
variability due to reduction in average heart rate and directly through inhibition 
of parasympathetic regulation (Billman, 2013b). 

HRV can be analyzed using time domain or frequency domain methods. Spectral 
analysis allows us to analyze the magnitude of periodic variations in the heart rate 
which can be related to the autonomic regulation by using the difference in 
reaction times between the slower sympathetic and the faster parasympathetic 
systems. In practice, spectral analysis can be achieved by sampling RR time 
intervals from a recorded ECG signal and then transforming this time-domain 
signal into frequency domain using the discreate Fourier transform (Akselrod et 
al., 1981) or autoregressive modelling (Wiklund, 2001). 

Typically, the frequency region is divided into three or four spectral components 
when analyzing the power spectrum: Ultralow-frequencies (ULF) 0-0.003 Hz; 
very low frequencies (VLF) 0.00333-0.04 Hz; low frequencies (LF) 0.04-0.15 Hz; 
and high frequencies (HF) 0.15-0.4 Hz (Shaffer & Ginsberg, 2017) (Table 1). 
Analysis of the ULF-components can only be calculated on longer RR-signal 
segments, preferably on single segment 24-hour recording (Malik et al., 1996). 
Analysis is often made on the integrated power spectrum of the frequency regions 
as well as the sum of all spectral components (Ptot), see Figure 1. As the spectral 
components in 24-hour recordings are averages over the entire recording they do 
not reflect the direct regulatory response and should be interpreted more as the 
average capacity of regulation in each frequency band over the measurement 
period (Malik et al., 1996). 
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The origin of the division of the components is due to where expected peaks in 
the spectrum occur (Berger et al., 1989, p. 89). The VLF band has been attributed 
to thermal regulation and fluctuations in the renin-angiotensin system but the 
exact physical processes that contribute to these frequencies are not fully 
understood (Malik et al., 1996). The LF component is mainly associated with 
baroreceptor modulation and is influenced by both parasympathetic and 
sympathetic activity (Akselrod et al., 1981; Berntson et al., 1997). The sinoatrial 
node acts like a low-pass filter which prevents sympathetic regulations above 0.15 
Hz and vagal regulations above 0.5 Hz,where the upper limit resembles an upper 
limit for sympathetic regulation (Hayano & Yuda, 2019). The HF component is 
affected by the normal respiratory rate with a normal range of 0.15-0.40 Hz, 
where the upper limit can be higher during exercise or in infants (Berntson et al., 
1997). The respiratory rate has mostly been related to vagal regulation and 
therefore is the HF components commonly believed to represent vagal activity. 
Although HRV and the frequency bands are commonly used there is still no 
perfect map of the origin of the variability, as there are many sources for the 
rhythmic changes in the heart rate (Billman, 2011). As the total variability is 
affected by the average heart rate an increase in heart rate will likely decrease 
both LF and HF. 

Table 1. Heart rate variability frequency bands with periods. ULF: Ultralow frequency; VLF: Very 
low frequency; LF: Low frequency; HF: High frequency. 

Component Frequency range Period 

ULF 0 - 0.0033 Hz ³5 min 

VLF 0.0033 - 0.04 Hz 300 - 25 s 

LF 0.04 - 0.15 Hz 6.66 - 25 s 

HF 0.15 - 0.4 Hz 2.5 - 6.66 s 

 

The ratio between LF and HF (LF/HF) is commonly interpreted to reflect balance 
between the sympathetic and vagal regulation (Malik et al., 1996; Pagani et al., 
1986). However, as the variability in the LF frequency band is influenced by many 
sources, including both sympathetic and vagal activity, the validity of LF/HF as 
an accurate index of sympathetic and vagal balance has been discussed in many 
studies. It is therefore hard to interpret the exact meaning in differences in LF/HF 
between study groups or compare results on LF/HF between studies (Berntson 
et al., 1997; Billman, 2013a). On the other hand, increases in LF/HF has shown 
to be associated with onset of ventricular tachycardia (Hayashi et al., 1997; 
Huikuri et al., 2000) as well as a significant predictor in other diseases such as 
stroke (Lees et al., 2018). 
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Figure 1 Power spectral density (PSD) of RR-signal in healthy control from measurements in supine 
position and after being tilted to the upright position. VLF: Very low frequency, LF: Low frequency, 
HF: High frequency 

HRV analyses are sensitive to disturbances in the RR-signal such as arrhythmias 
or noise due to disturbances in the recordings, which is common in 24-hour 
Holter. Unfiltered arrhythmic beats increase the variability in the signal and can 
therefore result in overestimated HRV in patients with a true low regulatory 
capacity. Prior to spectral analysis, it is therefore important to examine the raw 
RR-signal for ectopic beats or other complex patterns. This is usually done by 
manual inspection, automatic detection in software and by inspection of Poincaré 
diagrams (Wiklund, 2001). The signal is then filtered in order to reduce noise 
when estimating the power spectrum (Clifford & Tarassenko, 2005). The filtered 
signal is in literature referred to as normal-to-normal (NN) inter beat intervals. 
In Study II and III, we followed the analysis process of Karlsson et.al. (Karlsson 
et al., 2012): The recorded signal was filtered to extract all non-sinus beats or false 
detections of the RR-signal. Beats were allowed to vary within an age-specific 
threshold (20-40%) from preceding and following RR interval. The filtering 
process create gaps in the NN signal which is then filled by cubic spline 
interpolation and resampled at a lower frequency (e.g. at 2 Hz for normal heart 
rates, 4.8-5 Hz for children). 
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ATTRv amyloidosis 
ATTRv amyloidosis is a fatal hereditary disease which is characterized by deposits 
of amyloid fibrils which causes damages and functional disabilities on the 
nervous systems and organs. An amyloid fibril is a structure made of aggregates 
of misfolded peptides and proteins. Amyloidosis is a family of diseases 
characterized by extracellular deposits of amyloid fibrils in tissues and organs. 
Accumulation of amyloid fibrils have been linked to diseases like Alzheimer’s 
disease, Parkinson’s disease, and diabetes type II (Knowles et al., 2014) but is also 
a natural consequence of aging (Mucchiano et al., 1992). 

Two types of amyloid diseases are associated with the protein transthyretin: The 
Wild type amyloidosis (ATTRwt or Senile systemic amyloidosis) and the 
hereditary amyloidosis (ATTRv amyloidosis). The hereditary variant was 
previously often referred to as familial amyloid polyneuropathy (FAP). ATTR 
amyloidosis is autosomal dominant inherited and can be related more than 120 
different disease causing mutations (Jacobson et al., 2016). Although the disease 
can be found all over the world there are local clusters related to specific 
mutations. The most common mutation in Sweden is the Val30Met (p.Val50Met 
including the 20 amino acid signal peptide) mutation with a main clustering area 
located to the northern Västerbotten county (Suhr et al., 2019). The same 
mutation can also be found in other countries such as in Portugal, where the first 
documented cases were reported (Andrade, 1952; Suhr, Wixner, et al., 2017). 

 

Figure 2. Formation of amyloid fibrils. A: Transport protein transthyretin (TTR) is synthesized in 
the liver; B: TTR tetramer; C Monomere; D: Misfolded monomere; E: Amyloid fibril consisting of 
misfolded TTR monomers. 

Transthyretin (TTR) is a tetrameric protein, responsible for transport of 
thyroxine and retinol binding protein and is mainly synthesized in the liver. A 
mutation in the TTR-gene destabilizes the TTR tetramer which dissociates into 
misfolded monomers that can assemble into amyloid fibrils (Quintas et al., 2001) 
(Figure 2). Following the current nomenclature for amyloidosis ATTR is refers to 
the amyloid TTR protein and ATTRv that the amyloid origins from a hereditary 
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variant of ATTR. The disease related to ATTRv is called ATTRv amyloidosis 
(Benson, Buxbaum, et al., 2018). 

Individuals with ATTRv amyloidosis will carry one of two distinct types of 
amyloid fibrils: Type A fibrils which consists of a mix of both full-length and C-
terminal TTR fragments; and type B fibrils which consists of full-length TTR only 
(Bergström et al., 2005). The fibril type will not change within the individual 
patient over the course of the disease (Suhr, Lundgren, et al., 2017). 

The age of onset of the disease varies between different cohorts. Studies on family 
history of the disease indicates that the fibril type probably is related to genetic 
factors and that there is a relationship between the age at onset and fibril type. In 
the Swedish cohort the median age of onset is 44 years for type B and 67 years in 
type A (Suhr et al., 2019). However, some type B patients have a late onset (≥50 
years of age) while type A is rarely found in patients with an onset below 50 years 
of age (Suhr, Lundgren, et al., 2017). 

Symptoms at onset of ATTRv amyloidosis are dependent on the mutation and on 
fibril type (Suhr, Lundgren, et al., 2017). The early clinical course of a patient with 
the TTR val30met mutation and early onset (fibril type B) is characterized by 
peripherical neuropathy initially with sensory disturbances of pain and 
temperature, in the lower limbs, caused by destruction of small unmyelinated 
nerves (Planté-Bordeneuve & Said, 2011). In late-onset patients motor 
neuropathy is more prominent at early stages (Adams et al., 2019). As the disease 
progresses the fibrils will infest multiple organs and permanently disturbing and 
destroying their function. There is a large variation in phenotype of ATTRv 
amyloidosis, depending on the mutation, where some mutations only display 
neurological symptoms while others have heart related symptoms with a rapidly 
progressing cardiac amyloidosis (Rapezzi et al., 2012).  

Untreated ATTRv amyloidosis caused by the Val30Met mutation will, for Swedish 
patients, lead to a death with an expected survival of 10-15 years (Suhr et al., 
2016). The gold standard treatment for ATTRv amyloidosis has been synthesis 
inhibition through liver transplantation, which replaces the patients liver with a 
liver that synthesizes wild type TTR. The procedure has shown to give an overall 
survival of 55% over 20 years (Ericzon et al., 2015) and 70% in 15 years (Suhr, 
Lundgren, et al., 2017). However, patients with fibril type A have an increased 
risk of developing or exacerbate existing cardiomyopathy after liver 
transplantation, with heart failure as a consequence, which may exclude this 
patient group from transplantation (Gustafsson et al., 2012; Suhr et al., 2012). A 
continued progression in cardiac hypertrophy has also been observed after 
transplantation (Olofsson et al., 2002) as well as incident conduction 
disturbances and arrhythmia (Hörnsten et al., 2004), findings that are possibly 
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related to amyloid fibril type. Both gene silencing therapy with oligonucleotide 
antisense (Benson, Waddington-Cruz, et al., 2018) and RNA interference (Adams 
et al., 2018) has shown promising results, and are replacing liver transplantation 
as first line therapy for patients with ATTRv amyloidosis and neuropathy. 
Another treatment strategy is TTR stabilization through pharmaceutical 
treatment, such as Tafamides, which slows neurologic progression and has shown 
to sustain quality of life but at a possible cost of delaying liver transplantation 
(Coelho et al., 2013). Type B patients have shown to respond better to this 
treatment than type A patients (Suhr et al., 2019). The treatment has also shown 
to decrease all-cause mortality in patients with transthyretin amyloid 
cardiomyopathy (Maurer et al., 2018). However, this new medical treatment is 
very expensive (Kazi et al., 2020).  

Cardiac involvement in ATTRv amyloidosis 
Amyloid fibril infiltration in the cardiac muscle can be found in several 
amyloidotic diseases where most cases are related to ATTRwt amyloidosis and 
Immunoglobin light-chain (AL) amyloidosis (Maleszewski, 2015). In ATTRv 
amyloidosis, the cardiac manifestations is showing as both left ventricular 
dysfunction and as disturbed autonomic regulation (Zhao et al., 2010). The two 
fibril types have different cardiac deposition patterns. Type B deposits are usually 
found in the sub-endocardium and sub-epicardium. Type A has a more aggressive 
deposit pattern with deposits in large nodules in the myocardium, sub-
endocardium and sub-epicardium (Bergström et al., 2005).  

For ATTRv amyloidosis there are documented relationships between cardiac 
involvement and fibril composition, sex and the age at onset (Arvidsson et al., 
2015; Suhr et al., 2009). Individuals with late onset (50 years or older) tend to be 
of male sex, of higher age and present with a more severe cardiac involvement 
with left ventricular hypertrophy (Suhr et al., 2009). A more aggressive 
infiltration in the myocardium in type A subjects results in a more pronounced 
cardiomyopathy (Ihse et al., 2008). Within ATTRv type A, men have a more 
severe cardiac involvement than females. In type B, the relationship between sex 
and left ventricular hypertrophy is not as prominent as in type A (Arvidsson et 
al., 2015). 

The progressive amyloid infiltration in the cardiac muscle also leads to diastolic 
and systolic dysfunction, conduction disturbances and arrhythmia which are 
noted in both fibril types (Beckman et al., 1992; Falcão De Freitas & Barbedo, 
1978). These symptoms are not related to cardiac hypertrophy in early-onset 
patients (Hörnsten et al., 2010). The amyloid depositions might work as electrical 
isolators in the myocardium as low voltage in ECG pattern has been noted in 
individuals with cardiac amyloidosis (Carroll et al., 1982; Houston & Stevens, 
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2015; Rahman et al., 2004). ATTRv amyloidosis patients are not treated with 
beta-blockers as the treatment could be harmful (Rapezzi et al., 2012). 
Approximately 25-30% of ATTRv amyloidosis patients are under pacemaker 
treatment (Suhr et al., 2012). 

Two major HRV patterns can be observed in ATTRv amyloidosis patients: 1) 
decreased total HRV, especially in the HF spectral region, with an increased heart 
rate. This pattern likely indicates decreased parasympathetic activity and 
increased sympathetic activity; 2) extremely reduced total HRV and normal to 
low heart rate which likely indicates a more progressed neuropathy with more 
severe symptoms (Kinoshita et al., 1997; Olofsson et al., 1994; Wiklund et al., 
2008). Supraventricular arrhythmia is common in ATTRv amyloidosis patients 
and therefore extra care should be taken to identify these individuals for 
exclusion from HRV analysis. Treatment with liver transplantation in ATTRv 
amyloidosis patients has not shown any improvements in HRV (Wiklund et al., 
2010). Specific patterns in HRV related to onset, sex and fibril type has not been 
studied thoroughly but patients of higher age are expected to have a more severely 
decreased HRV (Wiklund et al., 2008). However, relating to echocardiographic 
findings in ATTR, it is easy to assume that fibril type is an important predictor of 
disturbed patterns in HRV. The exact relationships between HRV and 
echocardiographic features in ATTRv amyloidosis has not been extensively 
studied. Zhao et. al. revealed relationship between markers of global left 
ventricular dyssynchrony and reduced HRV and there is also reports of left 
ventricular hypertrophy in relation to reduced HRV (Hörnsten et al., 2010; 
Morelli et al., 2002) but without addressing the fibril type.  

Hypertrophic Cardiomyopathy 
Left ventricular hypertrophy can origin from several pathological reasons. The 
most common reason is hypertension which induces a growth of the cardiac 
muscle in order to preserve cardiac output (Mayet & Hughes, 2003). 
Hypertrophic Cardiomyopathy (HCM) is a common genetic cardiovascular 
disease which is defined by presence of increased left ventricular (LV) wall 
thickness in absence of other cardiac or systematic disease-causing LV 
hypertrophy (Elliott et al., 2014; Gersh et al., 2011). A LV wall thickness ≥ 15 mm 
is usually considered as an indicator of hypertrophy. However, a mutated gene 
carrier might have thinner LV wall-thickness and still be qualified for a positive 
diagnosis (McKenna et al., 1997).  

The prevalence of HCM is about 1:500-1:200 in the general population. The 
disease is genetically heterogenous and has been linked to over 2000 variants in 
at least 11 genes affecting the cardiac sarcomeres. About 60% of HCM cases are 
assumed to have an inherited origin with a gene dependent incomplete 
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penetrance. HCM is historically considered to be autonomic dominant but 
questions have been raised if this model is too simplistic (Maron et al., 2019). The 
clinical course of HCM is ranging from asymptomatic to symptoms of heart 
failure, angina, arrhythmia, dysphonia, syncope or SCD. Although the disease is 
genetically heterogenous there is little evidence of a link between the variation in 
genotypes and phenotypes or treatment response (Elliott et al., 2014). Diagnosis 
is in most cases made on symptomatic patients but the disease can also be 
discovered in asymptotic individuals or post mortem after sudden cardiac death 
(Mörner, 2004). Risk factors for SCD in HCM are younger age, increased LV 
thickness, severe left ventricular outflow tract obstruction, family history of SCD, 
ventricular tachycardia and unexplained syncope (O’Mahony et al., 2014). Beta-
blocker treatment is common in HCM patients with symptomatic left ventricular 
outflow tract obstruction. The treatment is used for reducing the outflow 
gradient, angina and risk of ventricular arrhythmias. Beta-blocker treatment has 
shown to prevent SCD in children but there are no clear results for adults 
(Houston & Stevens, 2015; Makavos et al., 2019). 

Diagnosis is primarily made using echocardiography in combination with ECG. 
The LV hypertrophy for HCM is in general asymmetric but the asymmetry is not 
specific for this disease (Elliott et al., 2014). A main indication of HCM is 
increased QRS-voltage, commonly measured using the Sokolow-Lyon Index 
(Sokolow & Lyon, 1949). 

The autonomic regulation in HCM patients might be disturbed. Previous studies 
on HRV and HCM have shown a decreased total variability, decreased HF and 
increased LF/HF-ratio in young untreated patients (Fei et al., 1995; Mörner, 
Wiklund, et al., 2005), or contrary an increased HF and a decreased LF/LF-ratio 
in children who died in sudden cardiac death (Butera et al., 2003). 

Similarities and differences between ATTRv amyloidosis and 
HCM 
The increased wall thickness found in ATTRv amyloidosis patients are similar to 
the enlargements found in patients with HCM (Maleszewski, 2015; Rapezzi et al., 
2012; Ruberg & Berk, 2012). Asymmetric hypertrophy is common in HCM but is 
less common in hypertrophic ATTRv amyloidosis since amyloid depositions are 
not concentrated to a specific part of the heart. Other echocardiographic 
measures that have been suggested for differential diagnosis are granular 
sparkling in the myocardial appearance and systolic anterior movement of the 
mitral valve (Eriksson et al., 1987). The ratio between ejection fraction and global 
longitudinal strain has also shown promising results for differential diagnosis 
between HCM and AL amyloidosis (Pagourelias et al., 2017). In contrast to HCM 
where high voltage is a dominant feature, cardiac amyloidosis is known to be 
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related to a relatively low voltage (Eriksson et al., 1987; Falk et al., 1987). HRV 
has not yet been studied as a differential parameter between ATTRv amyloidosis 
and HCM. 

Long QT Syndrome 
Congenital Long QT Syndrome (LQTS) is a group of hereditary genetic diseases 
that is manifested through syncopal episodes and sudden death due to prolonged 
cardiac repolarization of the heart. Long QT syndrome is caused by mutations in 
the genes that encode cardiac ion channels and is characterized by a prolonged 
QT-interval in the electrocardiogram. The QT-interval represents the duration 
from the beginning of the depolarization of the ventricles (Q-wave) to the end of 
their repolarization (T-wave). There are two main forms of LQTS: the autosomal-
dominant Romano-Ward syndrome (prevalence 1:2000) and the autosomal-
recessive Jervell and Lange-Nielsen syndrome (JLNS, prevalence < 1:1000000) 
(Crotti et al., 2008). The forms are categorized by the affected genes (Schwartz et 
al., 2001). The most common Romano-Ward variants are the potassium ion 
channel related LQT1 (the KCNQ1 gene) and LQT2 (the KCNH2 gene); and the 
sodium ion channel related LQT3 (the SCN5A gene). The more severe autosomal-
recessive type JLNS (KCNQ1 or KCNE1 gene) is also associated with congenital 
deafness, a higher likelihood for cardiac events and lower probability to respond 
to treatment (Schwartz et al., 2012). 

Diagnosis of LQTS is made based on a combination of ECG-findings, clinical 
history and family history (Schwartz et al., 1993). The LQTS-types has different 
trigger patterns for severe cardiac events (Schwartz et al., 2001). The prolonged 
repolarization for long QT-patients can lead to a start of the next heart cycle 
before the previous has ended which potentially can lead to lethal arrhythmias 
such as Torsade de pointes (Crotti et al., 2008). The risk for cardiac events is 
dependent on the genotype and increases with the length of the QT-interval 
(Zareba et al., 2009). LQT1 is associated with physical stress triggers such as 
exercise or swimming (Tester et al., 2011). LQT2 patients seem more affected by 
emotional or auditory stimuli. The triggering patterns in both LQT1 and LQT2 
are related to sudden increases in sympathetic activity which increases the heart 
rate. Both LQT2 and LQT3 have specific triggers during sleep while LQT3 is 
related to events during rest/sleep. Events in LQT3 patients have also been 
associated with bradycardia likely to be related to parasympathetic disturbances 
(Fabritz et al., 2010). 

In order to prevent sudden increases in sympathetic activity, patients with LQTS 
are usually treated with beta-blockers which, in severe cases, in combination with 
defibrillator implants substantially reduces the risk for death in sudden cardiac 
events (Moss et al., 2000). Another treatment is left cardiac sympathetic 
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denervation which can be an option if beta-blocker treatment is not effective 
(Schwartz et al., 1991). Ambulatory electrocardiographic Holter recordings are 
routinely used in order to identify arrhythmic patterns and evaluate compliance 
of treatment. HRV has previously been studied in adult individuals (Perkiömäki 
et al., 2001; Porta et al., 2015). The study of HRV in LQTS is complicated by 
rareness of the disease, heterogeneities between genotypes and influence of beta-
blocker treatment and factors such as age and sex. Thus, there are few reports on 
differences in HRV-parameters between LQTS genotypes and the normal 
population. Findings in HRV frequency bands include a decreased LF component 
and an increased HF component as well as a decreased LF/HF ratio as has been 
reported when comparing an adult LQTS-group compared to controls (Morita et 
al., 1996; Shamsuzzaman, 2003). However, previous studies have been based on 
very low sample sizes and has not accounted for genotype, sex or age. To our 
knowledge, HRV has never previously been studied in the pediatric or adolescent 
LQTS population. 

Atherosclerosis and coronary artery calcium 
Coronary artery disease (CAD) is the leading cause of heart related deaths 
worldwide (Roth et al., 2018) and is a consequence of progressed atherosclerosis: 
a chronic, progressive, inflammatory condition which is characterized by buildup 
of plaque in the arteries making them less flexible and narrow.  

Atherosclerosis has a long asymptomatic subclinical phase and begins in early in 
life with observed vascular changes (Charakida et al., 2007). Disease progression 
can eventually lead to acute cardiovascular events such as myocardial infarction 
and sudden cardiac death (Toth, 2008). A severe progression of atherosclerosis 
is plaque rupture which is a cause of thrombosis (Bentzon et al., 2014). The 
formation of atherosclerotic plaque is driven by low-density lipoprotein-
Cholesterol (LDL-Cholesterol). 

The 10-year risk for coronary vascular disease can be estimated using the 
Framingham risk score which includes variables of known risk factors as age, 
male sex, total- and HDL-cholesterol levels, blood pressure, smoking, diabetes 
and incident cardiovascular events (D’Agostino Sr et al., 2008). As high 
cholesterol is a risk factor for CAD lipid lowering treatment using statins is 
common. Use of statins is a cost-effective method to reduce risk for CAD if it 
targets persons with high risk for cardiovascular events. However, their 
effectiveness on the general population is inconclusive (Minder et al., 2013).  

The extent of coronary artery calcification (CAC) is used as a marker for coronary 
atherosclerosis and is regarded as an independent risk factor for CAD. Coronary 
calcification is part of the atherosclerosis process and has been shown to be non-
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linearly, positively related to total plaque burden (Greenland et al., 2007; Piepoli 
et al., 2016). There are several methods for accessing an estimation for plaque 
burden such as invasive intravascular ultrasonography as well as non-invasive 
methods as computer tomography or magnetic resonance imaging (Toth, 2008). 
The method of non-contrast electron-beam computed tomography (EBCT) was 
previously favorable in studies as the method does not expose subjects to harmful 
doses of radiation. Multidetector CT, or multislice CT is an alternative to EBCT 
with higher temporal and special resolution (Maceira et al., 2019).From EBCT-
images a total calcium score (CAC score) can be calculated as a measure of total 
plaque burden in the measured arteries. The most used calculation for the CAC 
score is the Agatston score (Agatston et al., 1990). An Agatston score > 160 is 
considered to be an risk marker for major adverse cardiac events (Arad et al., 
2000). 

Specific backgrounds and knowledge gaps 

Study I 
The progressive course of ATTRv amyloidosis inflicts permanent damages to 
affected organs and nervous system and leads to death (Planté-Bordeneuve & 
Said, 2011). Early diagnosis is therefore important, since successful therapeutic 
intervention requires initiation of treatment before the patients develop 
irreversible organ damage (Oerlemans et al., 2019). As some ATTRv amyloidosis 
patients with cardiac involvement develop left ventricular growth that mimic 
HCM subjects there is a risk for misdiagnosis resulting in serious delays in 
treatment (Mörner, Hellman, et al., 2005). Initial examinations on these subjects 
are often made using the two modalities echocardiography and ECG and 
differential diagnosis based on these modalities would therefore be beneficial for 
the patients. ATTRv amyloidosis has previously been compared to HCM using 
features from echocardiography and ECG (Eriksson et al., 1987; Phelan et al., 
2012) but there is still a knowledge gap in how well different features discriminate 
between the diseases. 

The primary goal of the study was to evaluate the differential ability in features 
obtained from standard echocardiographic and ECG examinations, as well as to 
develop a clinical interpretable model for discriminating between individuals 
with ATTRv amyloidosis and HCM. As a secondary goal, we also wanted to 
evaluate how some more advanced echocardiographic measures would perform 
compared to more traditional measures. 
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Study II 
TTR-amyloidosis is characterized by amyloid depositions with severe impact on 
the autonomic nervous system, often with cardiac involvement as structural 
changes in the heart muscle and reduced HRV. The heterogeneity in ATTRv 
amyloidosis has been linked to the amyloid fibril composition (Suhr, Lundgren, 
et al., 2017) as well as the age of onset(Hörnsten et al., 2010). In addition to left 
ventricular hypertrophy, there are some indications that HCM patients also could 
suffer from impaired parasympathetic function (Mörner, Wiklund, et al., 2005). 
To our knowledge no previous study has compared ATTRv amyloidosis to HCM 
with respect to autonomic disturbances. 

For the purpose of evaluating how cardiac morphology relates to autonomic 
function in ATTRv amyloidosis and HCM patients, we compared cardiac 
dimensional echocardiographic measurements with spectral derivatives from 
short-term HRV on patients with these diseases and healthy controls. 

Study II is the first study addressing the relationship between HRV and fibril 
type as well as the relationship between HRV and echocardiographic markers for 
left ventricular hypertrophy in individuals with ATTRv amyloidosis. 

Study III 
Congenital long QT Syndrome (LQTS) is a family of diseases that causes a 
prolonged repolarization of the heart. For these patients, physical or 
psychological triggers can result in life-threatening arrhythmias. A previous link 
between sympathetic activity and arrhythmia has previously been observed for 
adults for some LQTS genotypes and in addition, treatment for depressing 
sympathetic activity such as beta-blockers or left cardiac denervation is effective 
against syncope as well as cardiac events. Despite that the autonomic modulation, 
and thus the balance between the sympathetic and parasympathetic activity, 
might hold valuable information for contribution to risk stratification in LQTS 
there is still a knowledge gap regarding the autonomic modulation in children 
with LQTS. To our knowledge, the autonomic regulation, as measured by HRV, 
has never previous been studied on children and adolescents with LQTS. 

There is an established sex and age-related association between genotype and risk 
of cardiac events in children and adolescents with LQTS, where LQT1 males have 
a higher risk of events during childhood while LQT1 females have a higher risk 
after puberty (Locati et al., 1998; Zareba et al., 2003). An age- and sex-related 
pattern in QTc has also been reported (Vink et al., 2017). Thus, age, sex and 
genotype are all factors that are interesting when analyzing HRV in children with 
LQTS. 



 

17 

In Study III we used HRV to assess the effect of age, sex and genotype on 
autonomic regulation for LQTS children/adolescents in respect to healthy 
controls. 

Study IV 
Observational studies have indicated that lipid lowering treatment has a negative 
effect on the progression of coronary calcification (Achenbach et al., 2002; 
Callister, Raggi, et al., 1998). In contrast, several later clinical trials have shown 
that treatment with statins could even result in an increase in CAC score (Arad et 
al., 2005; Houslay et al., 2006; Raggi et al., 2005; Schmermund et al., 2006; 
Terry et al., 2007). Thus, statin treatment seems to reduce coronary stenosis but 
not coronary calcification (Henein & Owen, 2011). Despite a possible increasing 
effect on coronary calcium, statins might have a stabilizing effect on 
atherosclerotic plaque (Libby & Aikawa, 2003) which might well be dependent 
on dose. High dose statin treatments are associated with a reduction in 
cardiovascular events but have also been linked an increased risk of incident 
diabetes (Preiss et al., 2011). 

In Study IV we used data from two randomized trials St Francis Heart study 
(SFHS) and EBEAT (Electron Beam Computer Tomography Assessment of 
Coronary Calcification in High Risk Patients with Minimal or Moderate Coronary 
Arteriosclerosis), to evaluate dose dependent short-term effects on CAC score 
(Arad et al., 2005; Schmermund et al., 2006). Using data from the SFHS-trial we 
evaluated long-term effects as well as risk factors for cardiac events during the 
study period. The rationale for reanalyzing the data was to make use of the 
longitudinal measurements in the SFHS-study and the differences in treatment 
doses between the trials in order to evaluate dose dependent treatment effects of 
statins (Atorvastatin) on the CAC score. 
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Objectives 
The overall aim of this thesis was to use statistically rigorous methodology to 
explore stratification of subgroups of patients and estimate treatment effects in 
diseases with cardiac involvement. 

The specific aims for this thesis was to: 

I. Develop a model for differentiating ATTRv amyloidosis patients 
from HCM patients using basic ECG and Echocardiographic 
measurements. 

II. Investigate the heterogeneity within the ATTRv amyloidosis 
population and similarities with HCM patients using 
echocardiography and heart rate variability. 

III. Investigate HRV in children and adolescents with LQTS with respect 
to LQTS genotypes, age, sex and beta-blocker treatment.  

IV. Analyze the short- and long-term effects of statin treatment on 
coronary calcium score. 
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Materials and Methods 
General overview 

Table 2. General overview of populations, modalities and methods. 

Study I II III IV 

Patient groups     
  ATTRv amyloidosis X X   
  HCM X X   
  LQTS   X  
  Coronary atherosclerosis    X 
Modalities     

  ECG X  X  
  Echocardiography X X   
  HRV  X X  
  CT / Calcium score    X 
Statistical methods     

  CART X    
  PCA  X   
  K-means clustering  X   
  Random Forest  X   

  GAM   X  
  Mixed effects models   X X 
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Study populations 

Study I 
All recordings were collected in retrospect from clinical examinations conducted 
at the University Hospital of Umeå 2003-2010. The study included 35 individuals 
with ATTRv amyloidosis (67% males), and 37 individuals diagnosed with HCM 
(73% males). The data on HCM patients had previously been used by Mörner at. 
al. (Mörner, Wiklund, et al., 2005). The ATTRv amyloidosis patients were all 
histopathological and genetically verified (33 V30M, 2 H88G) and had in 
addition fulfilled the criteria of cardiac involvement by a left ventricular thickness 
greater than 12 mm (Gertz et al., 2005). All HCM patients had been diagnosed 
according the current guidelines with a present cardiac hypertrophy (Gersh et al., 
2011). Eight of the HCM patients had been genetically tested of which 4 had 
positive sarcomere mutations corresponding to HCM. The first available 
echocardiographic recording following diagnosis was reanalyzed by a single 
clinician prior to the study and paired with the closest ECG recording available 
within one year from the echocardiographic recording. 

Exclusions of patients were made for atrial fibrillation (n = 2), poor image quality 
(n = 4), left or right bundle branch block (n= 3), previous reduction of septum 
(ablation, n = 2; myectomy, n = 1). In total 33 ATTRv amyloidosis patients and 
30 HCM patients were eligible for analysis. In addition, 8 ATTRv amyloidosis 
patients with proven cardiac hypertrophy were included for validation purposes. 

Study II 
The subjects in Study II were found by searching retrospectively from local 
databases for ATTRv amyloidosis and HCM patients that had undergone an 
echocardiographic exam and a short-term recording during within a 7-day span 
from each other. All recordings were performed at the University Hospital of 
Umeå 1999-2012. In total, 73 ATTRv amyloidosis patients (32 Type A, 41 Type B) 
and 39 HCM patients (18 with beta-block treatment, 21 without beta-block 
treatment) were found eligible for analysis by having ECG recordings with no or 
only spurious arrhythmic beats, i.e., analyzable HRV recordings, and also 
echocardiographic measurements. The control group was selected from a normal 
material gathered at University Hospital of Umeå and consisted of 103 subjects 
with complete ECHO and HRV measurements. They were all healthy and did not 
have any prior autonomic or cardiovascular disease. Analysis was made by 
comparison of five groups: ATTRv with type A fibrils (ATTR-A), ATTRv with type 
B fibrils (ATTR-B), HCM on beta-block treatment, HCM without beta-block 
treatment and healthy controls.  
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From the medical charts for the standard echocardiographic examination the 
following measurements were used: Posterior wall thickness (PWt, mm); Inter-
ventricular diastolic septal thickness (IVSt, mm); Left ventricular diastolic 
diameter (LVDd, mm); and left atrial volume index (LAVI, ml/m2). From the 
short-term HRV recording, 2-minute segments were analyzed in the supine and 
upright positions, where the following indices were calculated: mean RR interval 
(RR, s), total variability (Ptot), very low frequency component (VLF), low 
frequency component (LF) and high frequency component. 

Study III 
The study group in Study III consisted of longitudinal measurements on 78 
children and adolescents with genetically verified long QT-syndrome with at least 
one previously recorded 24-hour ambulatory Holter-recordings. Data were 
retrospectively collected from medical records. All recordings were made between 
2000 and 2013. Out of 75 patients, 69 had been treated with beta-blockers at 
some point and 18 of these had recordings both before and after start of 
treatment. Three patients were excluded prior analysis due to overall low data 
quality. The distribution of total amount of recordings for each group is shown in 
Table 3. A control group with 66 verified healthy children were included (1 
recording/subject). Patients were included from the Department of Pediatric 
Cardiology at University Hospital of Umeå, or from Astrid Lindgren Children’s 
Hospital, Karolinska Hospital, Solna, Sweden. The control group was locally at 
recruited Umeå university and was examined using 24-hour ECG and 
echocardiography with normal findings.  

Table 3. Distribution of study population for Study III. Long QT-patients were grouped according 
to genotype (LQT1-LQT3). Number of recordings are presented as number (interquartile range). 

Group Subjects 
(male/female) 

Age (years) Recordings  
(with/without treatment) 

Recordings  
per subject 

Control 66 (33/33) 9.8 (5.4-14.5) 66 (0/66) 1 (-) 

LQT1 60 (26/33) 7.5 (3.6-13.5) 258 (228/ 30) 3 (2-5) 

LQT2 13 (7/6) 10.8 (7.4-13.1) 64 (58/ 4) 2 (2-4) 

LQT3 4 (4/0) 11.5 (9.5-12.5) 9 (3/ 6) 2.5 (2-3) 

Total 143 (71/72) 8.5 (4.5-13.5) 397 (290/107) 1 (1-3) 

 

Study IV 
The study consisted of data from two double blinded randomized clinical trials: 
St Francis Heart Study (SFHS) (Arad et al., 2005) and EBEAT (Schmermund et 
al., 2006). From SFHS, 432 subjects receiving placebo and 419 subjects receiving 
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20 mg atorvastatin were included. From EBEAT, 179 subjects receiving 10 mg 
atorvastatin and 164 subjects receiving 80 mg Atorvastatin were included. 

The short-term follow up time for EBEAT was at 1 year and for SFHS at 2 years. 
As no long-term data were collected in EBEAT, the long-term treatment effect 
was estimated solely based on data from SFHS, collected at a 4-year follow up. 

Table 4. Distribution of study population and atorvastatin doses for Study IV. Long-term 
observations in paraenesis. 

 Placebo 10 mg 20 mg 80 mg Total 
SFHS 432 (375)  419 (359)  851 (734) 
EBEAT  179  164 343 

 

SFHS: The research rationale and design for the SFHS was described and 
published prior to the study (Arad et al., 2001). The original objective of the study 
was to analyze, as a prospective cohort study the relationship between calcium 
score and cardiovascular events and through a randomize clinical trial compare 
subjects treated with Atorvastatin, Vitamin C and Vitamin E to placebo 
treatment. Recruitment was made through letters with questionnaires (300000 
individuals). Among the respondents (20000 individuals, 6.7%) 5582 
asymptomatic subjects were invited for EBCT screening. In total 1007 patients 
were enrolled to randomization, fulfilling the inclusion criteria of a CAC score 
above the 80:th percentile for its age-group and sex among those who were 
selected for EBCT screening. 

EBEAT: The detailed design and purpose of the EBEAT-trial is documented in 
the parent trial (Schmermund et al., 2006). The original objective of this 
multicenter randomized clinical trial was to compare the effect of low dose 
atorvastatin treatment (10 mg/day) to a high dose treatment (80 mg/day) on CAC 
score over 12 months. 1026 subjects were initially included at 55 sites in Germany, 
Russia and England and screened at 9 EBCT centers. Patients were included if 
they had two or more risk factors, absence of angiogram or stress test verified 
coronary stenoses and a CAC score (Agatston) ≥ 30. All subjects were initially 
treated with 10 mg atorvastatin 4 weeks prior to the randomization and were 
randomized if their LDL-levels were < 130 mg/dL after the run-in phase. 235 
subjects were randomized to the 80 mg treatment group and 236 patients to the 
10 mg group and a total of 366 subjects completed the follow up CAC score 
measurements and were included in the primary analysis.  
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Measured modalities and computed variables 

Echocardiography 
Measurement from echocardiography were used in Study I and Study II. 
Images on patients were captured during clinical exams using a Vivid 7 
ultrasound echocardiograph (GE Medical Systems, Horten, Norway) using a 1.5–
4.3 MHz phased array transducer. Measurements were taken from the 
parasternal long axis, short axis and apical four-chamber views in 
synchronization with a superimposed electrocardiogram. Off-line analysis was 
performed using EchoPac (General Electric, EchoPac version 8.0.1, Waukesha, 
WI). Both doppler and morphological assessments were performed as proposed 
by the American Society of Echocardiography (Lang et al., 2005; Nagueh et al., 
2016; Quiñones et al., 2002). 

All analyzed variables, with abbreviations, in Study I and Study II are 
displayed in Table 5. Left ventricular end systolic volume, left ventricular end 
diastolic volume and left ventricular end systolic volume were normalized to 
body surface area (BSA) in Study I. BSA was calculated according to Mosteller, 
following local praxis (Mosteller, 1987). 

!"# =	&
ℎ()*ℎ+("#) 	× 	-()*ℎ+(%&)

3600
 

Asymmetrical hypertrophy was calculated as the anterior septal to posterior free 
wall thickness ratio (IVSt/PWt). Left ventricular wall thickness was calculated as 
the sum of all maximum LV wall thickness in septal, anterior, lateral and 
posterior segments (Spirito et al., 1987). Deformation and texture measures was 
measured strain. Characterization of the myocardial tissue was assessed by 
calculation of normalized reflectivity of the tissue (GSM) and heterogeneity of the 
reflection within the tissue (Entropy). 
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Table 5. Measured echocardiographic variables in Study I(1) and Study II(2) 

Variable Abbr. Comment 
Morphological 
measurements 

  

Inter-ventricular septal 
thickness 1,2 

IVSt  

Posterior wall thickness 1,2 PWt  
Degree of asymmetric 
hypertrophy1 

IVSt/PWt  

Left ventricular diastolic 
diameter2 

LVDd  

Left ventricular wall thickness1 Spirito–Maron index  
Left atrial end systolic 
volume1,2 

LAVI  

Left ventricular end diastolic 
volume1 

EDVI  

Left ventricular end systolic 
volume1 

ESVI  

Pulsed wave doppler  Ventricular function 
Transmitral early and late 
diastolic velocities ratio1 

E/A  

Left ventricular ejection 
fraction1 

LVEF Simpsons biplane model 

Isovolumic relaxation time1 IVRT  
Pulsed tissue doppler TDI Diastolic function 
Peak longitudinal early 
diastolic velocities1 

e´  

Left ventricular filling 
pressure1 

E/e´ Approximation 

Continuous doppler   
Peak systolic velocities across 
aortic wall1 

AoVmax  

Strain  B-mode 
Global left ventricular strain1   
Strain rate1   
Septal strain1   
Relative apical strain1  Relative apical sparing 
Myocardial tissue 
characterization  

  

Grayscale median1 GSM  
Entropy1   
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Electrocardiography (ECG) 
In Study I we used features derived from standard 12-lead electrocardiograms 
(10 mm/mV, 50 mm/s). An ECG recording was qualified for analysis if it was 
measured no more than one year from the echocardiographic exam used in the 
study. From the ECG we obtained heart rate (bpm), QRS voltage (mm), QRS 
interval (ms), PQ-interval (ms) and presence of severe conduction delay. QRS 
voltage was calculated as the sum of the R wave in V5 or V6 and S wave in lead V1 
according to the Sokolow-Lyon voltage criteria (Sokolow & Lyon, 1949). 

QT-intervals in Study III were normalized in relation to the duration of the 
heartbeat (RR-interval). The most common calculation for heart rate corrected 
QT-intervals (QTc) is the Bazett’s formula (Bazett, 1920): 

123 = 12	/	√66 

In Study III the QTc intervals were sampled from the Holter recordings using 
an in-house Matlab program and normalized to the length of the RR-intervals 
from the same signal. 

Heart rate variability (HRV) 
HRV was measured with two different study protocols in this thesis. In Study II 
a short-term HRV was recorded, where single-channel ECG was recorded at 100 
Hz using a standardized protocol starting with the subject in supine position for 
6 minutes. The subject was then passively tilted to a 70-degree upright position 
for 3-4 min. Prior to the investigation the subjects were instructed to avoid coffee, 
tea, smoking or large meals for at least 2hours prior to the measurements. 

In Study III, HRV was assessed in ambulatory 24-hour Holter recordings using 
the Aspect Holter system or the DelMar Reynolds Holter system; at a sample rate 
of 100 Hz with built in detection of the R-wave peaks. Either lead V2 or V5 was 
used. In order to control the physical activity all parents to the participants were 
instructed to perform normal daily activity and note all activities during the 
measurement. The recordings were examined using a computer based Holter 
program (Aspect Holter System, GE Healthcare, Borlänge, Sweden), by one single 
investigator in order to annotate extra-systolic heartbeats and cardiac conduction 
disturbances, and also correct errors in detected heartbeats due to noise. 

Both studies followed a similar pre-processing procedure were the RR signal was 
first imported into MATLAB v7.12 (Mathworks Inc, Natick MA, USA).  

The 24-hour recordings were separated into day (9.00 – 19-00) and night (00.00 
– 06.00) periods during analysis in order to address the specific variability 
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patterns that corresponds to the different trigger patterns for cardiac events. The 
morning (06.00-09.00) and evening (19.00-00.00) segments were not analyzed 
in order to separate daytime and nighttime activity patterns. The long-term ECG 
recordings were divided into 5 minutes segments. All segments from the 24-hour 
recordings were filtered by removing the annotated abnormalities and by 
removing any RR intervals that differed more than 40% from them mean of the 
preceding and following RR intervals. Segments in the long-term recordings with 
more than 40% removed heartbeats were discarded. As daily activity has a 
significant influence on the quality of Holter recording more recordings were 
excluded from analysis in the day-time segments. Derivation of mean QTc was 
based on the entire 24-hour segments. Hence, the number of recordings in day-
time, night-time and QTc were different in Study III. 

For the short-term ECG in Study II 2-minute segments from the supine and 
upright positions were analyzed. The complete short-term recordings were 
manually edited, where a 2-min segment was discarded if it included more than 
five extrasystolic beats or other artifacts. After editing and/or filtering, the RR 
signals were interpolated using cubic splines in order to fill in the gaps introduced 
in the previous steps. The interpolated signal was then resampled at 2 Hz 
(Karlsson et al., 2012; Wiklund et al., 2008).  

For the short-term recordings in Study II, the power spectral density (PSD) was 
estimated by autoregressive modelling (Malik et al., 1996), consequently using 30 
parameters. For 24-hour recordings in Study III the average power spectrum 
was estimated through Welch method (Schiller et al., 1989; Wiklund et al., 2008) 
by, for each segment, repeating the signal and applying a smothering Bartlett 
window prior to calculating a 4096 point Fast Fourier Transform (Oppenheim & 
Schafer, 2009) and then average over each frequency bin. The resulting average 
spectrum had a frequency resolution of 0.48 mHz. 

HRV indices for analysis were calculated as the integrated power of the standard 
spectral components: the very low frequency component (VLF, 0.003-0.04 Hz); 
the low-frequency component (LF, 0.04-0.15 Hz); and the high-frequency 
component (HF, 0.15-0.50 Hz). Total HRV (Ptot) was calculated as the sum of 
the tree indices. In addition, the average RR interval was calculated from the RR-
interval signal. 

All spectral indices were logarithmically transformed using the base of 10 prior to 
analysis in order to impede heteroskedasticity. LF/HF power ratio was calculated 
in Study III but was omitted from analysis in Study II as the logarithm of the 
ratio is equal to the difference of the logarithm of the numerator and 
denominator; thus, this is a linear combination which was naturally included in 
the principal component analysis. 
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Calcium Score 
The calcium score (CAC score) in Study IV was obtained using Electron beam 
Computer Tomography scans (EBCT) in both SFHS and EBEAT following similar 
protocols: 3 mm slices, obtained during a single breath hold with a scan time of 
100 ms per slice and ECG assisted synchronization. Examination procedures 
were described in detail in the original publications (Arad et al., 2001; 
Schmermund et al., 2006). CAC scores were calculated in both trials using the 
Agatston method (Agatston et al., 1990). Each measurement consisted of 20 
consecutive slices containing the main coronary arteries. For each slice the 
lesions in coronary arteries were identified and marked manually with a region of 
interest. An automatic algorithm then calculated the lesion density and area 
which was translated into a lesion-score if the lesion density was above 130 
Hounsfield units. The total CAC score was then calculated as the sum of all lesion 
scores in all 20 slices. The total CAC score was log transformed, using a base of 
10, prior to analysis. 

In both EBEAT and SFHS the CAC scores were also derived using the volumetric 
score (Callister, Cooil, et al., 1998) which is based on isotropic interpolation of 
voxels from surrounding slices in order to calculate equilateral voxels with the 
resolution of the CT-image. Each voxel is then assigned a lesion-score as in the 
Agatston method, using the same threshold. However, only Agatston CAC scores 
were used in Study IV. 

In SFHS one single Imatron C-150XP scanner was used for CT-imaging. In 
EBEAT EBCT was sampled at nine sites and CAC scores were calculated blinded 
at a single laboratory. The two studies differed in their CAC score based on the 
inclusion criteria. In SFHS the calcium score was compared to a data base of 5000 
previous CAC scores and a subject was included if its CAC score was above the 
80th percentile of the subjects’ sex- and age-group. In EBEAT subjects was 
randomized if their CAC score was above 30 and LDL less then 130 mg/dL after 
the run-in phase. 
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Overview of statistical methods  
In Study I we created a decision-tree based classification model using 
classification and regression trees for both traditional echocardiographic 
variables and using both echocardiography and ECG. The decision trees were 
then compared to the discriminating abilities of each single feature and were 
evaluated based on calculations of area under the receiver operating curves and 
cross validation errors. 

In Study II a four-stage analysis framework was constructed where we: A) 
Univariately compared age and sex adjusted differences in echocardiographic and 
HRV features between the groups; B) Used k-means cluster analysis to identify 
subgroups within features from echocardiography, supine HRV and upright 
HRV. Clustering was made on non-trivial principal components of age-corrected 
data; C) Merged the patterns from the unimodal analyses in a bimodal context 
and compared to k-means clustering on bimodal principal components; D) 
evaluated the capacity of the features to differentiate between ATTRv amyloidosis 
and HCM using a supervised classifier: Random forest. 

In Study III we estimated the age-trend in HRV using generalized additive linear 
mixed effects models for derived spectral measures of HRV from 24-hour Holter 
recordings. The 24-hour recordings were divided into night-time and day-time 
periods. 

In Study IV we used linear mixed effects models to evaluate longitudinal 
treatment effects and binary logistic regression to estimate long-term odds for 
cardiac events. 

Classification trees 
In Study I decision trees were used to create a model for separating ATTRv 
patients from HCM patients using the method of Classification and regression 
trees (CART) by Breiman and Friedman (L Breiman et al., 1984). CART trees have 
the properties that they have a solution for variable selection, add support for 
missing data and produces an intuitive output. 

A classification tree is a non-parametric method for recursive partitioning of data 
into subgroups using a series of binary splits (nodes). For each node, the optimal 
thresholds for classifying subjects into subgroups, as homogenous as possible, are 
calculated for all features in the training dataset. The features are then ranked 
after their ability to separate the data at the current node based on a statistical 
impurity index. The best separating variable is then selected for the juncture, and 
the algorithm repeats itself on each new subgroup all nodes are pure. The Gini 
index is a common measure for node impurity. Other common impurity measures 
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are entropy and the twoing method (Hastie et al., 2009). The Gini index is given 
in the 2-category case for a subtree 2	by: 

1#(2) = 	9 :̂#%:̂#%! =	%	(	%!
9 :̂#%(1 −	 :̂#%)	

%	(	%!
 

Where :̂#% is the proportion of observations in class > at node ?. Gini-index 
favors unequal splits in contrast to the entropy or twoing methods that tries to 
balance the size of the child nodes (Leo Breiman, 1996). Thus, variable selection 
is made by ruling out redundant variables and by considering the ranking of the 
importance of different variables in the algorithm. To prevent overfitting the full 
tree is usually pruned to smaller size to reduce model complexity. The optimal 
complexity of the tree can be determined by the number of nodes in relationship 
to the sample size and data uncertainty through cross validation. CART can 
handle missing data by estimating the best surrogate variables at each split. If 
data is missing on a splitting feature for an observation the algorithms classifies 
the observation based on the feature that can closest represent the node in the 
tree. 

 

Figure 3. Classification tree for classification of patients with increased myocardial thickness as 
ATTRv amyloidosis (ATTR) or as hypertrophic cardiomyopathy (HCM) using echocardiographic 
and ECG features. IVSt/PWt is the ratio between inter-ventricular septal thickness and posterior 
wall thickness. E/A is the Transmitral early and late diastolic velocities ratio. AoVmax is the peak 
systolic velocity across aortic wall. Tree above the dashed line represents the pruned tree after cross 
validation. 

In Study I we used all available data to estimate classification trees using the 
Gini index as impurity function and 10-fold cross validation to identify the 
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optimal complexity of the trees. By considering the balance between model 
complexity and cross validation error, the optimal tree size was chosen, and the 
trees were pruned according to these criteria. We applied equal costs for false 
negatives and false positives. This means that we did not favor detection of one 
disease over the other. The full classification tree using both echocardiographic 
and ECG features is shown in Figure 3 with a line showing the final pruned tree. 

In addition to the classification trees in Study I a univariate analysis was 
performed of all included variable candidates. Each variable was presented with 
corresponding receiver-operating characteristics (ROC) curves with the 
corresponding area under curve (AUC). The AUC is classified as a semi-proper 
scoring rule and is equal to the probability that a randomly selected case will have 
a higher score than a randomly selected non-case for binary classification (Byrne, 
2016). Classification thresholds were also estimated using the Youden’s J Statistic 
which occurs at the maximum of sensitivity + specificity – 1 (Youden, 1950) and 
was presented with the threshold specific sensitivity and specificity. 

Principal component analysis 
In Study II we used principal component analysis (PCA) (Johnson & Wichern, 
2007) for dimension reduction of the multidimensional HRV and 
echocardiographic data. The method uses a rotation of the original data in order 
to create uncorrelated latent variables by a singular value decomposition of the 
covariance or correlation matrix between variables. The resulting principal 
components are ranked by the eigenvalues of the decomposition, which 
corresponds to the amount of total variability that is contained in each 
component. The rotation of the data on principal components is illustrated in 
Figure 4. PCA is useful for dimension reduction in a correlated data set as the 
common variability in the included variables are captured in the latent variables. 
Dimension reduction can then be made by selecting the first principal 
components up to a defined proportion of total variability, referring to them as 
non-trivial. The used principal components are thus projections on a lower 
dimensional subspace, and the corresponding coordinates in this subspace are 
usually referred to as scores. The vectors that determine the projections are called 
factor loadings and express the contribution of each original variable in the 
dataset on each principal component. The factor loadings are useful for 
evaluating the correlation patterns between variables and the direction of the 
loadings are commonly visualized using factor loadings plots. 

In Study II our hypothesis was that the majority of the variability was 
determined by heterogeneities in HRV or echocardiographic measures between 
the disease groups and controls. As age is very influential on both 
echocardiographic and HRV variables the data was age-corrected prior to the 
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PCA analysis by subtracting the linear age-trend which was estimated on the 
control group. PCA was calculated on standardized variables in the data i.e. 
variables were scaled by subtracting their mean values and dividing by the 
standard deviation. The number of non-trivial components used for analysis was 
determined using a bootstrap-resampling procedure, Bootstrapped Kaiser-
Guttman, using 20000 replicates (Jackson, 1993). We calculated principal 
components for HRV and echocardiography separately prior to cluster analysis. 
We also calculated principal components on the combined set of features from 
both modalities, however we used the unimodal cluster results in order to 
visualize the multimodal cluster results. 

 

Figure 4. Illustration of principal component analysis. A show a scatterplot of two highly correlated 
heart rate variability variables with principal directions in red. B: Rotation of the data on the two 
principal components. 

Cluster analysis 
K-means clustering was used in Study II to identify subgroups in two modalities 
echocardiography and HRV (Hartigan & Wong, 1979; MacQueen, 1967). 
Clustering is a type of un-supervised learning where observations are grouped on 
the basis of a similarity measure. In contrast to a supervised learning method, as 
regression models in Study I-IV or Random Forest in Study II, where the 
model is determined by minimizing a loss function with respect to a specific 
outcome, the unsupervised learning methods are determined by maximizing 
similarities or minimizing the dissimilarities between observations (Hastie et al., 
2009). 
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K-means clustering is an iterative algorithm that partition a set of observations x 
= {A), A*, … , A+} of dimension p into K clusters, E	 = 	 {F), F*, … , F,}. Using the 
squared Euclidian distance as distance measure, the K-means clustering 
algorithm is constructed for solving the optimization problem of minimizing the 
total within-cluster variation: arg	min

-
∑ ∑ ‖A. − O̅%‖*/∈-"
,
.1) . Where O̅%is the 

cluster centroid for cluster >, i.e. the estimated midpoint of the cluster. 

K-means clustering can be performed by the follow iterative algorithm for finding 
a local optimum for the minimization problem above(James et al., 2013): 

1. Random assignment of all observations into of K clusters  
2. Repeat the following steps until no changes in cluster assignment 

a. Calculate/update cluster centroids {O̅), O̅*, … , O̅,} from all 
observations assigned to each cluster. 

b. Assign all observations A.,3 to the closest cluster in terms of the 
distance measure. 

In order to approximate a global optimum, it is preferable to run the K-means 
algorithm on several initial random sets. The number of clusters can be 
determined by a variety measures on the clustering using different number of 
clusters. The within-cluster sum of squares, average silhouette values and the 
gap-statistics are commonly used (Kassambara, 2017). The R-package NbClust 
(Charrad et al., 2014) implements 30 indices for quality of clustering results as 
well as a majority vote method for determination of the optimal number of 
clusters.  

A similarity index can be used to determine how the cluster results relate to a 
known partition of the observations. The Rand-index is defined by the proportion 
of agreed assignments between the clustering method and the known partition. 
The adjusted Rand-index (Hubert & Arabie, 1985) extends the Rand-index by 
adjusting for chance. 

The K-means clustering in Study II was based on the Euclidian distance using 
the Hartigan-Wong algorithm (Hartigan & Wong, 1979) with 50 initial numbers 
of random sets and a maximum of 100 iterations. The number of clusters were 
set to 3 and was determined by a combination of data driven measurements using 
a majority rule in NbClust. The similarity between clusters and study groups were 
estimated using the adjusted Rand-index. 
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Random Forest 
For evaluation of the predictive ability of the HRV and Echo variables in Study 
II we used random forests. Random forest is a very popular machine learning 
method for prediction and can be seen as an extension of the classification trees 
used in Study I. 

Random forest is a powerful strong ensemble learning method (Rokach, 2010) 
which uses a classification based on a majority decision of many classification 
trees (L Breiman, 2001). A single CART-tree is very sensitive to variations in the 
data, does not account for uncertainty in thresholds and needs to be pruned in 
order to prevent overfitting. The random forest algorithm overcomes these issues 
by the use of bootstrap aggregations (bagging) where each subtree is trained on a 
bootstrap subsample of the training data. The number of candidate variables at 
each split was determined minimizing the out of bag (OOB) error. The OOB is 
calculated as the mean prediction error on each subtree using the observations 
that were not included in the bootstrap sample used for the particular subtree. In 
addition, each split in the subtrees are made on a random subsample of the 
predictors in order to prevent strong predictors in the model to have too much 
influence.  

In Study II we created a random forest models using 10,000 trees for 
classification of the data using the five groups as outcome. Models were trained 
on the subsets: All HRV and Echo variables, PC1 and PC2 from the bimodal PCA, 
PC1 and PC1 from Echo variables and PC1 and PC2 from the HRV variables. 
Models were compared based on OOB-error and model performance was 
reported using AUC, sensitivity and specificity. 

Mixed effects modelling 
In both Study III and Study IV linear mixed models were used to make 
inference from the data. The linear mixed model regression is an extension of the 
general linear regression. While the latter only contains fixed effects, linear mixed 
model regression also contain at least one random effect that allows the capturing 
of dependencies in the response vector.  

The conceptual discrepancy between a fixed and a random effect is expressed by 
Wood as: ”Fixed effects are fixed characteristics of the whole population of 
subjects, while the effects that will vary randomly from subject to subject in the 
population are called the random effect” (Wood, 2006) The concept is however 
more general an can only be fully captured by the defining statistical model 
(Gelman, 2005). In practice, a random effect is useful for accounting for between 
observation dependencies that occur when repeated or clustered measurements 
are present in the data. These dependencies can have a hierarchal structure such 
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as when repeated individual measurements are nested within groups. Ignoring or 
failing to capture the dependencies when choosing statistical model may lead to 
invalid statistical inference and seriously erroneous output, such as 
unrealistically low p-values or too narrow confidence intervals. 

Motivated by that the specific effect of one subject compared to another were not 
of interest in the analysis, we introduced random subject effects in regression 
models to account for covariations between longitudinal repeated measurements 
on the same subject. In Study III and Study IV random intercept models were 
used, in which the intercept of the model is allowed to vary across subjects, and 
where the subject-specific intercepts are assumed to be drawn from an underlying 
normal distribution. 

Generalized additive models 
In Study III generalized additive models (GAM) were used to model the 
nonlinear age dependency on HRV. 

Generalized additive models (GAM) was introduced in 1986 by Hastie and 
Tibshirani (Hastie & Tibshirani, 1986) and extends the generalized linear model 
(GLM) by using an additive combination of arbitrary smooth functions Q3(. ) So 
STUVW)…W4X = 	 Q5 + ∑ Q3(W3)

4
) . The smooth functions are usually estimated using 

a scatter plot smoother as local regression or using a basis representation as 
smoothing splines. A continuous smooth function Q(. ) Could be represented as a 
linear combination of basis functions. Splines are continuous functions 
constructed by connected piecewise polynomials that are differentiable at their 
joins (knots). Using splines as smooth functions are practically useful when we 
want to model a non-linear relationship where we would like to be more flexible 
than by simply using transformations of the covariates as in for example 
polynomial regression. There are several options for selection of the splines. 
Wood gives a compressive introductions to GAM and the different choices of 
smoothers (Wood, 2006). Commonly used splines are penalized polynomial 
splines and thin plate splines. Thin plate splines have the nice property that the 
positions of the knots are set by the algorithm at a larger computational cost 
compared to polynomial splines. The smooth terms can be allowed to vary by 
group by estimating group specific parameter estimates for the smooth functions.  

In Study III we used penalized cubic splines using the penalizing property to 
limit the dimension of the splines with respect to model complexity. Age-trends 
in HRV were modelled by fitting a specific smoother to each study group. For 
comparison of trends we evaluated pair-wise differences in non-linear trends 
(Rose et al., 2012). In practice this was accomplished by calculating the difference 
in predictions between each pair in the grouping variable related to the specific 
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smooth function and estimation of corresponding standard errors. Inference 
could then be made by calculation of approximate 95% pointwise confidence 
intervals for each timepoint in the predictions. As there were several 
measurements on several subjects in Study III, a random intercept on subject 
level was added to the models making the models mixed-effect GAMs. 

Other statistical analysis 
Multiple regression analysis was used to estimate adjusted group differences in 
Study II. Simple linear regression was used to adjust for natural age dependency 
on HRV prior to cluster analysis by estimating regression models on the control 
group, using age as explanatory variable, and adjusting all HRV features by 
subtracting the effect of age using the model’s coefficient for slope. Logistic 
regression was used for risk factor analysis in Study IV. 

Parameter estimates were presented with 95% confidence intervals. Statistical 
hypothesis tests in the thesis used a significance level of a = 0.05. 

All statistical analyses were made using R (Study I: v. 3.6.4, Study II: v. 3.0.2, 
Study III: v. 3.6.4; Study IV: v. 3.0.2).  

Ethical considerations 
Study I, II and III have all been approved by the Regional Ethical Review Board 
in Umeå, Sweden (I, II: Dnr 06.084M; III: 05-127M). For Study IV the two 
clinical trials had been locally approved by the corresponding ethical review 
board in Germany and the US. All participants had confirmed their participation 
by written consent. For children and adolescents informed consent was obtained 
from legal guardian. All studies followed the ethical guidelines of the WMA 
Declaration of Helsinki. 
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Results and discussion 

Study I 

Main results 
In univariate summaries QRS-voltage presented the highest overall area under 
the curve (AUC) at 0.86 with the lowest cross validation error (cv.err) at 0.22. 
Entropy presented the second largest AUC with a low cv.err (threshold: 2.9; AUC: 
0.76; cv.err: 0.25). E/A ratio (threshold: 0.96; AUC: 0.73; cv.err: 0.30), IVSt/PWt 
(threshold: 1.63; AUC:0.714; cv.err: 0.254) and AoVMAX (threshold: 1.81 m/s; 
AUC: 0.71; cv.err: 0.286). Among all ECG, and deformation and texture features, 
only QRS-voltage and entropy presented low cross validation error and high AUC. 
Figure 5 illustrates how each individual predictor performed based on these 
measures. 

 

Figure 5. Estimated area under the curve plotted against cross validation error. Points are colored 
by the type of measurement. 

The classification tree using only echocardiographic features classified patients 
with IVSt/PWt ≥ 1.6 as HCM and remaining patients as HCM if E/A was ≥ 1.4. 
For the multimodal classification tree, a QRS-voltage ≥ 30 mm classified patients 
as HCM, whereas the remaining patients were classified as HCM if IVSt/PWt ≥ 
1.6. Both the echocardiographic tree (Sensitivity: 0.87; Specificity: 0.8; cv.err: 
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0.175) and the multimodal tree (Sensitivity: 0.94; Specificity: 0.83; cv.err: 0.127) 
had better performance statistics than the univariate classifiers. Three subjects 
were classified using the surrogate variable AoVmax at the first multimodal node 
due to bundle branch block.  

The decision trees are presented in Figure 3 and in the published article (Figure 
1A, Study I) and in Figure 6 as a partitioning of variables included in the decision 
trees. 

 

Figure 6. Partitioning of the predictor variables in the echocardiographic- and multimodal 
regression trees. 

Results discussion 
The main result of Study I was the classification tree based on ECG-based QRS-
voltage and the morphologic ratio IVSt/PWt which provided a rule of thumb for 
differencing ATTRv amyloidosis patients from HCM patients. These results are 
well in line with previous knowledge indicating that signs of hypertrophy in the 
echocardiographic examination in combination with high voltage in the 
electrocardiogram is a clear sign of HCM and that the reverse relation with a 
combination of hypertrophy and low QRS voltage should indicate ATTRv 
amyloidosis (Carroll et al., 1982; Rapezzi et al., 2012). 
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In the univariate analysis heart rate showed the third highest AUC but presented 
the second highest cv.err. The good separation is likely to be explained by 
differences in beta-blocker medication and the variation in cv.err by inclusion 
and exclusion of the medicated patients during calculations. 

The best performing univariate classifiers were also selected by the CART 
algorithm for both the echocardiographic and the multimodal classification trees. 
Although the classification trees were more complex than the univariate approach 
the cross-validation error was lowest for the multimodal tree (cv.err = 0.127). 

Sokolow and Lyon (Sokolow & Lyon, 1949) discussed as early as 1949 the 
importance of QRS voltage and used the sum of the total left ventricular 
potentials as a diagnostic index. They demonstrated a very high specificity (96%) 
and a moderate sensitivity (50%) for separating hypertrophic patients from 
controls at a threshold of 30 mm. This threshold was just the mean value of the 
index for the hypertrophic group. The multimodal tree suggests the same limit of 
30 mm, a threshold that clearly separates HCM from ATTRv amyloidosis patients 
in the study population with a sensitivity for detecting HCM of 60% and a 
specificity of 100%. 

In contrast, the Youden-based threshold was 23 mm for QRS-voltage at a 
sensitivity of 0.81 and a specificity of 0.78 which emphasizes that the Gini-index, 
utilized by CART, favors as pure groups as possible, while the Youden index tries 
to find a balance between sensitivity and specificity. 

In the small validation sample 4/8 amyloid patients were misclassified as HCM 
when using the echocardiographic tree. This suggests that there is a point in using 
the multimodal approach instead of using only one modality as an indication in 
one variable is likely to be correlated with another from the same modality.  

The clinical recommendation, based on the results, is to combine ECG and 
routine echocardiographic features for decision making. The more advanced 
echocardiographic feature of entropy showed some promise but was not 
preferred over the simpler asymmetry calculation in combination with QRS-
voltage. Relative apical strain has previously been found to be useful for 
separating cardiac amyloidosis and HCM (Phelan et al., 2012) and presented a 
high AUC in combination with a high cv.err. The uncertainty indicated by the high 
cv.err could be explained by dependence of relative apical sparing could be 
dependent on the regional differences in amyloid deposition pattern within the 
heart (Bravo et al., 2019). Both texture-based measures like entropy and 
measures of deformation as well as apical sparing could provide complementary 
separating information apart from the features used in the decision trees but this 
analysis was outside the scope of Study I. 
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A secondary goal with the analysis in Study I was the comparison between the 
univariate classifiers and the decision trees. In Study I we reported cross 
validation error, sensitivity, specificity and AUC for each feature. The AUC can be 
defined as the probability that a randomly chosen case will have a higher test 
score or ranking than a randomly chosen control (Hanley & McNeil, 1982). In 
Study I we regrettably omitted the AUC for the classification trees. The AUC for 
the pure echocardiographic tree was 0.847, but for the multimodal tree it was 
0.905 which was higher than the AUC for QRS voltage (AUC: 0.860). 
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Study II 

Main results 
Age and sex adjusted univariate regression analysis showed that both ATTR-A 
and HCM patients had marked differences in echocardiographic (Echo) 
measurements compared to controls. ATTR-A individuals appeared to have more 
reduced HRV than ATTR-B patients and HCM showed a reduced HF-component 
in the supine position. Asymmetry between IVSt and PWt was clearly observed 
among HCM patients while both ATTR-A and -B did not differ from controls 
(Figure 7). 

 

Figure 7. Adjusted parameter estimates of group differences of echocardiographic (Echo) and 
upright and supine heart rate variability (HRV) features with 95% confidence intervals. Linear 
regression models were adjusted for age and sex for HRV variables and age, sex and body surface 
area for ECHO features. ATTR-A: ATTRv amyloidosis type A; ATTR-B: ATTRv amyloidosis type B; 
HCM: Hypertrophic cardiomyopathy; OnBB: On beta-block treatment; OffBB: Off beta-block 
treatment. 

Bootstrap validation found two relevant principal components (PC1 and PC2) for 
each modality. For echocardiography PC1 was found to relate to variations in size 
and PC2 for variations in symmetry. For Supine HRV and Upright HRV the 
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principal components had very similar directions where PC1 was related to total 
HRV and PC2 to heart rate, through RR. 

The k-means cluster analysis on the non-trivial components revealed three major 
clusters for each modality. We abbreviated the clusters according to size, where 
cluster 1 was the largest cluster, with a prefix for the modality. For 
echocardiography (E) cluster E1 contained almost all controls and 71% of ATTR-
B patients. Cluster E2 and E3 were found to represent more abnormal findings. 
For supine and upright measurements, the clustering was very similar with two 
clusters representing normal HRV in each position. 

In order to compare clusters, we created compound cluster groups for each 
modality indicating assignments to abnormal clusters in Echo or abnormalities 
in any of the HRV positions. When comparing the clustering results across Echo 
and HRV we found that almost all HCM individuals (92%) were clustered as 
abnormal in Echo but normal in HRV. This group also contained 22% of ATTR-
A and 17% ATTR-B patients. A majority of controls (95%), 42% of ATTR-B and 
16% of ATTR-A were assigned to the normal clusters in both modalities. 56% of 
ATTR-A and 12% of ATTR-B showed abnormalities in both Echo and HRV. All 
ATTR-B assigned to abnormalities in Echo were males and over 55 years old. 

K-means clustering, with three groups, was repeated on the three non-trivial 
bimodal principal components, calculated using all features from Echo, supine 
and upright HRV. The unimodal cluster assignments were plotted on the bimodal 
principal components (Figure 8). The first bimodal cluster was mostly related to 
normal HRV and Echo, the second was related to abnormal Echo and contained 
a majority of the HCM group. The third cluster was related to abnormalities in 
HRV. The bimodal cluster analysis was not able to separate patients with 
abnormalities in both Echo and HRV into a single cluster. 
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Figure 8. Unimodal cluster assignments on bimodal principal components. Panels represent 
assignments to clusters. HRV: Heartrate variability; Echo: Echocardiography; HN: Normal HRV 
cluster; HA: Abnormal HRV cluster; EN: Normal Echo cluster; EA: Abnormal Echo cluster.  ATTR-
A: ATTRv amyloidosis type A; ATTR-B: ATTRv amyloidosis type B; HCM: Hypertrophic 
cardiomyopathy; OnBB: On beta-block treatment; OffBB: Off beta-block treatment. 

The supervised Random Forest model with the groups as outcome presented an 
accuracy of 70% with many misclassifications for the ATTR-B group. The 
Random Forest model for classification between ATTRv amyloidosis and HCM 
presented an accuracy of 86%, AUC of 0.94 and a sensitivity of 0.93. 

Results discussion 
Study II is the first study to compare HRV between ATTR and HRV as well as 
address the impact of fibril type on HRV. We found clear indications of a more 
disturbed autonomic regulation in ATTR-A patients compared to individuals with 
ATTR-B. This was expected as there is a previously established association 
between fibril type and left ventricular hypertrophy (Arvidsson et al., 2015; Ihse 
et al., 2008). The result also confirms previous findings were a more severe 
reduction in HRV has been explained by a late onset of disease(Hörnsten et al., 
2010; Wiklund et al., 2010) findings that now can be partially associated to fibril 
composition.  
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ATTR-B patients showed the most mixed assignments with 46% assigned as 
normal in both modalities. HCM patients were almost exclusively clustered as 
normal in HRV but the univariate analysis showed a clear decrease in the HF 
component in supine position compared to controls, a finding that has previously 
been found in young patients (Mörner, Wiklund, et al., 2005). 

Interestingly, older (>55 years) male ATTR-B also showed abnormalities in both 
HRV and Echo. Thus, severe cardiac involvement is probably not exclusive for 
ATTR-A but is likely also related to the patients age and gender as previously 
shown (Hörnsten et al., 2010). The importance of fibril type has been in focus in 
later years and this is confirmed by our results. However, we omitted more 
detailed comparisons between fibril types as this was outside the scope of the 
study. Almost all previous studies on HRV in the ATTRv amyloidosis population 
was published prior to the growing interest in TTR fibril type. There is therefore 
still a knowledge gap in HRV for these patients that need to be filled by future 
clinical studies where HRV in ATTRv amyloidosis patients are compared, 
accounting for influence of age and sex as well as fibril type. 

Study I and Study II has similarities but differs in both aim and execution. In 
Study I the fibril composition in ATTRv amyloidosis patients was ignored as the 
aim was to create a model to differentiate between ATTRv amyloidosis and HCM 
patients. The selection of the ATTRv amyloidosis group was different between the 
studies as we included only patients with cardiac involvement in Study I whereas 
Study II also included patients with no signs of left ventricular hypertrophy. In 
Study II the aim was to look at the similarities and dissimilarities between the 
groups, possibly identifying subgroups within each disease. The results of the 
studies are complementary as we identified HRV as a potential modality to 
narrow the group of individuals where misdiagnosis between ATTRv amyloidosis 
and HCM could occur. Some ATTRv amyloidosis patients with cardiac 
enlargements show an extremely reduced HRV while this is not a characteristic 
of the HCM group. 
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Study III 

Main results 
The main result in Study III was the estimation of trend curves for the 
development of HRV in children and adolescents over the ages 1-18 years.     
Figure 9 shows the estimated age trends for Ptot, LF and HF for daytime and 
nighttime recordings.  

Both LQT1 and LQT2 patients presented a slightly higher RR over all ages 
compared to controls both daytime (LQT1, +32 ms, 95%CI: 0-64 ms; LQT2, +119 
ms, 95%CI: –64 – 173 ms) and nighttime (LQT1, +42 ms, 95%CI:–3 – 81 ms; 
LQT2, +135 ms, 95%CI: 7 - 201 ms). LQT2 had higher Ptot (+51%, 95%CI: –2 - 
124%) as well as reduced LF/HF-ratio (-36%, 95%CI: -56% - -6%, p = 0.021) in 
nighttime recordings, compared to controls. 

 

Figure 9. Age-trend in HRV spectral indices. A: Ptot daytime; B: Ptot nighttime; C: LF daytime; D 
LF nighttime; E: HF daytime, F: HF nighttime. Ptot: Total HRV; LF: Low frequency component, 
HF: High frequency component. 

The age progression in individuals with LQTS were found to be very close to the 
control group for both boys and girls. When examining the age-trends we noticed 
that LQT1 demonstrated an equal age trend to controls for both boys and girls. 
The age trend in LQT2 was more variable, possibly explained by the low sample 
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size. We found indications of increased Ptot, LF and HF in girls at an age over 5 
years compared to both LQT1 and controls. However, this result can only be seen 
as a possible indication as only 2 LQT2 girls (16 recordings) contributed with 
observations in ages over 5 years. 

Four individuals with LQT3 was included in the study but were omitted from the 
trend analysis. They presented in general a lower HRV than the other groups for 
all ages as well as an QTc in parity with the LQT2 group. 

We observed general treatment effects from beta-blockers in daytime for RR, HF 
and LF/HF and LF/HF in nighttime. Male sex was found to be associated with a 
higher RR, Ptot, LF and HF irrespective of age and genotype. 

Results discussion 
The main finding in Study III was that the data could not support any differences 
in HRV between patients with LQT1 and controls. We noted a systematic 
increased Ptot and decreased LF/LF in nighttime measurements in LQT2 
patients and indications of an additionally higher Ptot in the small subgroup of 
pubertal and post pubertal females with LQT2. The findings on the LQT1 group 
was in accordance with a previous studies on adults with LQTS (Porta et al., 
2015). 

All heart rate related parameters in the study showed a strong relationship with 
age. In young ages children present a very high heartrate which decreases the 
HRV. The relationship between age and HRV-variables was non-linear over the 
ages 1-18. However, the growth pattern in many of the HRV-variables could be 
considered linear in the first years but shows cone-shaped increase in variance 
with increasing age. This heteroskedasticity is mitigated by the logarithmic 
transform. In adults, HRV-parameters usually are presented in logarithmic form 
as they are considered loglinear with age after puberty(Wiklund, 2001).  

Previous studies on adults have compared control subjects to a mixed population 
off or on beta-blocker treatment and has only evaluated the treatment effect 
within the LQTS-group (Porta et al., 2015). We found significant treatment effects 
in daytime HF and LF/HF and nighttime LF/HF. The effect was a little stronger 
in LF/HF which indicates that treatment likely also affect LF to some degree. The 
treatment effect was less pronounced in nighttime recordings, this is likely a 
result of vagal dominance during sleep (Vanoli et al., 1995). A differential effect 
of beta-blocker treatment between LQT3 and LQT1/LQT2 has previously been 
noted but we could not evaluate this in our study (Shimizu & Antzelevitch, 2000). 
However, the treatment effect on HRV could only be correctly evaluated in a 
randomized trial and the analysis of beta-blocker treatment in the study was 
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mostly done in order to evaluate HRV in all individuals, including those who were 
treated. However, since beta-blocker treatment is recommended for all LQTS 
children and adult individuals with LQTS and a marked prolonged QTc (Waddell-
Smith et al., 2015) there is severe ethical problems with such a study design. 

The risk of cardiac events has been found to be higher in males until puberty and 
higher in females older than 15 years (Locati et al., 1998). These differences might 
be related to differences in activity between boys and girls. For the healthy 
population the influence of sex has not been clearly established (Bobkowski et al., 
2017) although larger studies have noticed a difference in sex where boys are 
likely to have a higher HRV than girls prior to the onset of puberty (Galeev et al., 
2002). Our data showed that boys in general had a higher HRV in all components 
as well as in Ptot and RR. We did not evaluate general differences in the age trend 
between boys and girls. 

The low Ptot and the high LF/HF-ratio in the small LQT3 group is interesting as 
it indicates autonomic imbalance. This potentially disturbed pattern was 
unexpected since LQT3 a have lower risk than LQT1 for non-lethal cardiac events 
but a higher risk for lethal events (Zareba et al., 2009). However, the LQT3 
genotype effects cardiac sodium ion channels while LQT1 and LQT2 is related to 
mutations in the K+-channels (Schwartz et al., 2012). This could be an additional 
explanation of the observed difference between the genotypes as mutations in the 
sodium ion channels also can affect the sinus node function (Veldkamp et al., 
2003). The small sample size did unfortunately prevent us from inclusion of the 
LQT3 group in the GAM-models of age trends and the sparse sample of LQT2-
patients did only provide indications of genotype differences in the age-trend. 
Hence, Study III provides little information on HRV in these two genotypes, but 
these findings would be very interesting to investigate in a larger study. 

In conclusion the findings show that LQT1 present normal HRV but that there 
are indications of deviating patterns in the LQT2, primary in pubertal-/ post 
pubertal females, and in LQT3. Thus, there might be a genotype dependency on 
HRV in individuals with LQTS and that age and sex should be taken into account 
in further studies on children and adolescents with LQTS. 
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Study IV 

Main results 
Median follow up times for short-term effects was for the EBEAT study 1 year 
(range: [1, 1]) and for SFHS 2 years (range: [1.6, 3.5]). The long-term follow up in 
the SFHS-trial had a median follow up time for exit-measurements of 4 years 
(range: [2.9, 5.7]). 

 

Figure 10. Short- and long-term effect estimates of statin treatment on CAC score. Dots represent 
the regression coefficients on the multiplicative scale. Bars represent 95% confidence intervals. 

The results from short- and long-term analyses are visualized in Figure 10. The 
short-term analysis confirmed a systematic difference in baseline CAC score 
between the two studies (56.7% lower in EBEAT). Both male sex and age strongly 
contributed to an increase in CAC score. A one-year increase in baseline age 
corresponded to an increase in the baseline CAC score by 5.8%. In addition, the 
annual progression of CAC score was modelled by both the influence of time in 
the study (positive effect) and the interaction with age (counterbalancing negative 
effect). Thus, for a subject of age 50, on placebo, at inclusion, was estimated to 
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have a yearly CAC score progression of 15.9%. The effect of treatment was 
modelled as the interaction between time and treatment group. The short-term 
treatment effect for a moderate dose (10-20 mg/day) corresponded to an increase 
1.1% (95% CI:[0.99, 1.03]; p = 0.29) in CAC score consistent with the placebo 
effect. The high dose treatment corresponded to a higher annual increase in CAC 
score 11.7% (95% CI: [6.1, 17.7]; p < 0.001) compared to placebo. 

Long-term effects of a moderate dose of statins (20 mg/day) were evaluated on 
the data from the SFHS cohort on 368 subjects treated with placebo and 352 
subjects treated with 20 mg/day. The additional annual progression was slightly 
higher among treated compared to placebo 1.1% (95% CI: [1.00, 1.02]; p= 0.04). 
Analysis of the short-term data showed that atorvastatin treatment resulted in a 
consistent decrease in LDL-levels and a negative correlation between annual 
changes in CACS and annual changes in LDL r = -0.07 (95%CI: [-0.11, -0.03]; p 
< 0.001). 

 

Figure 11. Predictors of cardiovascular events. Dots represent odds ratios (OR) for cardiovascular 
events with corresponding 95% confidence intervals. 
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Post follow up cardiovascular events were reported in 4.2% (17/408) of the 
treatment group subjects and 5.9% (25/423) of the control group subjects in the 
SFHS cohort. The baseline and progression on CAC score were consistently 
higher among those having events compared to those without events regardless 
of treatment. A logistic regression (Figure 11) of potential predictors for 
cardiovascular events during the follow up period indicated that a higher baseline 
CAC score and a previous family history of premature CAD were consistent with 
an increased risk of events, given the 95% confidence interval. 

Results discussion 
Retrospective observational studies have previously suggested that lipid lowering 
treatment can also have a lowering effect on calcium score measured by ECBT 
(Achenbach et al., 2002; Callister, Cooil, et al., 1998). The progressive increase in 
CAC score during lipid lowering treatment shown in Study IV has also been 
shown to be present in several other clinical trials (Houslay et al., 2006; Terry et 
al., 2007). In pursuit of accessing dose-relative treatment effects we combined 
measurements from two clinical trials demonstrating a consistently greater yearly 
increase in the high dose treatment group given 80 mg/day but not in the group 
given a moderate dose (10-20 mg/day). By analyzing the long-term effects, we 
could show that the positive short-term effects in the low-dose treatment group 
transmitted to the same magnitude but with a smaller margin of error. 

The study material from the two studies obviously differs. The studies were 
conducted at different geographical locations, show potential demographic 
differences and have different study designs. However, the difference in baseline 
CAC score was modelled by a single term and thus we made the assumption that 
the progression of calcium score over time would be the same in both studies. 

We observed a negative correlation between differences in LDL-levels and CAC 
score. However, as the subjects in the EBEAT-trial were already treated with 10 
mg atorvastatin at randomization this effect was not as clear in the EBEAT group 
as in the SFHS group where the control group was treated with placebo. In the 
short-term analysis EBEAT had a 56.7% lower CAC score which might partly be 
explained by the study design where all subjects had a ‘burn in’-period were all 
subjects were given the moderate dose of statins (Schmermund et al., 2006). 

Increased CAC is associated with an increased 10-year risk for CAD as CAC is 
moderately correlated to plaque burden (Greenland et al., 2007). The results in 
Study IV cannot be extrapolated to make any conclusions on how the potentially 
statin induced increase in CAC will reduce the 10-year risk. However, we found 
no increased risk for cardiac events linked to the annual CAC-progression during 
the long term follow up. One explanation could be that statin induced increase in 
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CAC could help to stabilize plaque through calcification. Unfortunately EBCT 
cannot be used to evaluate the stability of the plaque which has to be studied using 
other methods such as coronary computed tomography angiogram using contrast 
(Andrews et al., 2016). 

In the EBEAT study the primary hypothesis was that the lipid-lowering statin 
treatment also would have a negative dose-dependent effect on the coronary 
calcification of the arteries. Schmermund et al. argued that the follow up time was 
too short for a visible effect (Schmermund et al., 2006). They were criticized for 
the study sample size which was based on low uncertainty estimates of difference 
in CACS (Romanens Michel J. & Miserez André R., 2006). In conclusion, the 
long-term analysis, based on data from the St Francis study, revealed that given 
a longer follow up with additional repeated measurements we could demonstrate 
an increase in CAC score of similar magnitude as in the short-term analysis, with 
95% confidence. 



 

51 

General discussion 

Method selections 
A primary theme in the work in this thesis has been methods selections. In clinical 
research most statistical analyses can be divided into inferential or predictive 
analyses. In many cases these quite different areas overlap, and researchers and 
the research audience tend to make inferences from predictive models or 
predictions from an inferential analysis. Sometimes the purpose is ambivalent 
and method selection is made to provide a little of both. 

The analytical goal is important for the evaluation of the results (Leek & Peng, 
2015). The selection of analytic methods requires a clear vision of the purpose of 
the intended analysis. Study I use decision trees for a predictive analysis to 
create a statistical decision model between two diseases. Study II uses cluster 
analysis for an exploratory identification of subgroups complemented by 
inferential analyses using traditional regression models and predictive modelling 
using supervised learning. In Study III non-linear models are used to describe 
growth curves in the specific sample which could with uncertainty estimates be 
used to infer to a larger population. Study IV, in which we evaluate longitudinal 
treatment effects, has a clear inferential purpose. 

The use of classification trees was justified by the automatic variable selection 
and the format of the output. We wanted to specifically suggest thresholds for 
classification that could give assistance in the daily clinical work of differentiating 
the two patient groups. Previously, logistic regression has been used to evaluate 
the differences between these two groups (Eriksson et al., 1987). The logistic 
regression model can be used for both inference and prediction. However, it is 
not likely that a logistic regression model would be used for prediction in a clinical 
setting. Here, the classification trees have major advantages with distinct 
thresholds. A drawback with regression trees is that there is little quantification 
of uncertainty and the thresholds are, as in almost all cases, bound to the training 
data. 

Small sample studies 
ATTRv amyloidosis and LQTS are rare diseases and recurring in Study I-III are 
relatively small sample sizes which limits the ability to draw conclusions. Small 
samples studies come with the risk of low statistical power and relatively large 
uncertainty in derived effect sizes. When interpreting results from small sample 
studies it is important to remember that “absence of evidence is not evidence of 
absence” (Altman & Bland, 1995), a mistake that is commonly made in clinical 
research and is to some extent realized in the reporting of no difference in HRV 
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between boys and girls (Bobkowski et al., 2017). A non-significant test of a 
difference between two groups does not give evidence for equality of the groups, 
in particular under suspicion of low power. In general, confounding in 
observational studies must be addressed and small samples limits the 
possibilities for proper adjustments of confounding needed to make causal 
statements. Effect sizes must be evaluated in relation to the minimal clinically 
relevant effect. In the study of HRV the relevant clinical effect has not been 
established for neither ATTRv amyloidosis nor for LQTS. An attempt to describe 
HRV values for the general population has recently been questioned because of 
the difficulty to adjust for daily activity, especially in 24-hour Holter registrations 
(Bauer et al., 2017; Sammito & Böckelmann, 2016, 2017). Since Study III is the 
first attempt to describe HRV in the children with LQTS results can be seen as a 
starting point on what levels of HRV to expect which is useful for future studies. 
Study of rare genetic diseases on limited population can also be problematic in 
long term. Analysis of ATTRv amyloidosis patients is difficult as, in addition to 
the specific genotype, the geographical origin of the cluster as well as age, sex and 
fibril type contribute to variation in the population. Repeated research on 
patients in one small cohort will give a good insight in these patients but also 
increase the ability to generalize from the results. 

Classification and prediction  
Since the recursive splitting in decision trees represent piecewise constant 
functions CART has drawbacks regarding modelling of linear or nonlinear 
continuous relations. This implies that there is a loss of information which does 
not apply to methods like logistic regression where continuous predictors can be 
modelled as continuous terms. On the other hand, the recursive partitioning has 
the possibility of capturing more complex nonlinear relationships that linear 
modelling cannot, given sufficient amount of data. 

In Study I we choose to equally weight the sensitivity (the proportion of HCM 
patients to be correctly classified as HCM) and the specificity (the proportion of 
ATTRv amyloidosis patients to be correctly classified as ATTR). However, as we 
argue in the article, the main purpose of the method was to prevent individuals 
with ATTRv amyloidosis from being misclassified as HCM at an early stage. The 
cost of misclassification of an ATTRv amyloidosis patient is high as there is an 
ongoing progress of the disease resulting in a more severe amyloid infiltration 
causing permanent organ damage and death in absence of treatment. For an 
individual with HCM a misclassification would result in a deeper investigation 
with a following genetic test for amyloidosis that would almost certain result in a 
negative result. The priority of classification of outcomes can be specified during 
creation of the tree and could be specified through the use of a loss function with 
penalizing weights for false positives and false negatives. In contrast, if a 
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parametric model as linear regression for the classification this balance would not 
have been fixed by the model specification. 

There are many statistical learning methods for classification of binary outcomes. 
Among the most well-known methods are Support Vector Machines (SVM), 
Classification and Regression Trees (CART, C4.5), neural networks, Random 
Forest, Gradient boosting and parametric methods like logistic regression. Some 
methods like neural networks are hard or impossible to interpret. However, as 
the interest in machine learning is growing, methods for interpreting such models 
are also developed at a high rate. Machine learning methods can model very 
complex relationships but are like traditional statistical models are bound by the 
information at hand and cannot create a signal that is not present in the data 
(Chen & Asch, 2017). Parametric prediction methods like logistic regression have 
advantages in that they provide interpretable parameters with estimations for 
uncertainty. This makes them useful for distribution of the final model making it 
easier for peers to actually use the model to predict the outcome in clinical use. 
However, making predictions from even the simplest regression model requires 
an additional computation step that normally does not fit into the normal clinical 
workflow. The output from a CART-model have, on the other hand, potential to 
be used in clinical practice as the output is formulated as binary choices in an easy 
top down tree structure. 

Random forests were used for predictive classification in Study II to evaluate the 
predictive value of the data set for separating the different groups as well as for 
classification between ATTRv amyloidosis and HCM. Random forest has shown 
to have good properties for achieving a robust classification using a low sample 
sizes (Gunduz & Fokoue, 2015). 

Cluster analysis 
The rationale behind of the use of a clustering method on principal components 
in Study II was to: 1. Identify subgroups in ATTRv amyloidosis- and HCM 
patients where subjects are more similar to each other, thus narrowing the 
window in where individuals with one of the two diseases are likely to be 
misdiagnosed; 2. Identify subgroups within the ATTRv amyloidosis group and 
explain these subgroups relations to fibril type, age, sex and closeness to the 
control group; 3. Illustrate the variations in the material which in standard 
inferential analysis often are hidden when summarizing the sample into 
descriptive statistics or significant differences. As many of the HRV and 
echocardiographic features were highly correlated we motivated the use of 
principal component analysis in order to reduce the number of features in the 
analysis. In order to interpret the univariate clusters in Study II we simplified 
the clusters by grouping the S1, S2, U1 and U2 HRV clusters as normal HRV and 
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echocardiographic clusters E2 and E3 as abnormal echo. The complexity of the 
unimodal clustering is illustrated as a Sankey diagram in Figure 12. 

 

 
Figure 12. Disease heterogeneity and similarities based on the cluster analysis in Study II. The left 
column corresponds to the study populations with different patient groups (Control group; ATTR: 
TTR-amyloidosis, A: type A, B: type B; HCM: Hypertrophic cardiomyopathy, OnBB: On Beta-
blocker treatment, OffBB: Off beta-block treatment. Supine corresponds to assignments to clusters 
S1-S3 in supine HRV. Upright corresponds to assignments to clusters U1-U3 in supine HRV. Supine 
corresponds to assignments to clusters S1-S3 in supine Echocardiographic (Echo) measurements. 
The width of the band represents the proportion of individuals in each group. 

K-means clustering is one of the simplest clustering methods and was partially 
used because of its simplicity and partially for good performance. Selection of 
clustering methods is a non-trivial task especially if there is no clear reference 
partition for comparison. In Study II several alternative clustering methods 
were evaluated and the decision of using k-means clustering was made objectively 
by comparison of clustering performance using within-cluster variability, 
graphical examinations of Silhouette values, the gap statistic (Tibshirani et al., 
2001) and the use of the adjusted Rand-index (Hubert & Arabie, 1985). The 
method selection was also subjective because k-means clustering resulted in the 
partitioning that was most clinically interpretable. The candidate clustering 
method were k-means clustering, partitioning around medoids (PAM) (Reynolds 
et al., 2006), Random forest clustering, Density Reachability and Connectivity 
Clustering (DBSCAN)(Ester et al., 1996), hierarchical agglomerative clustering 
using complete and ward linkage (Hastie et al., 2009) and model based normal 
mixture modeling using the MCLUST method (Fraley & Raftery, 2003; Scrucca 
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et al., 2016). The MCLUST model showed promising results but was rejected as 
the low sample size produced unstable results. However, given a larger sample 
size MCLUST could be a suitable method. Both MCLUST and Random forest uses 
a probability-based voting assignment to the clusters which gives a nice 
interpretable way to quantify the uncertainty in cluster assignments for each 
observation. 

Mixed populations in predictive modelling 
A limitation of Study I and II is the mixed populations. As the material is based 
on cross-sectional measurements from medical records, we had limited 
information in what degree the patients with ATTRv amyloidosis and HCM 
subjects would be likely to be confused with each other in the clinical 
investigation. In addition, we did base our measurements in the first available 
echocardiographic and ECG measurements, but we did not account for progress 
of disease. Adjusting for the factors would have been very difficult using the 
methods in Study I and II and this also highlights issues in learning methods 
like CART, PCA and random forest which all have some properties on taking care 
of complicated patterns in the data but has fallbacks regarding adjustment for 
continuous confounding. Given a very large sample and available information a 
stratified approach to the problem might have resolved parts of these issues. 

A limitation in Study I that also is partially present in Study II is that data on 
patients were captured from patients at a time when the diagnosis of the patients 
was already determined. This creates in some sense a backward direction where 
latter measurements are used for prediction of a previous state. In addition, 
making prediction models from case-control data also ignores prevalence of the 
diseases. A better design is to prospectively sample patients at their first contact 
with heath care and then follow them to diagnosis. In practice, a true prospective 
design would be hard to execute on these patient groups but with the use of 
medical records it could be possible to longitudinally evaluate patients prior to 
diagnosis. In order to create a better differential diagnosis procedure for 
separation between ATTRv amyloidosis and HCM new studies must be conducted 
using prospective sampling where patients are identified prior to diagnosis. 
However, the sampling of such design would be both difficult and time 
consuming but inevitable in order to specify a reliable clinical decision model. In 
this context, the work in Study I and II can be seen as preliminary results. 

HRV 
The 24-hour HRV recordings in Study III were separated into day and night 
segments. There are known triggers for cardiovascular events in LQTS that are 
specific for sleep which makes the nighttime HRV interesting to study. In 
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addition, comparing 24-hour recordings of HRV between groups has been 
considered as difficult as the HRV is highly dependent on the level of activity 
during the recording (Bauer et al., 2017). As the HRV-process is usually not 
stationary over an entire 24-hour recording it is problematic to analyze the 
spectral properties of the signal over this period especially the “non-stationary” 
components LF and HF even if the activity is recorded (Magagnin et al., 2011). By 
using the Welch power spectrum method (Oppenheim & Schafer, 2009), on 5 min 
segments in Study III the corresponding segments of the signal were assumed 
to be stationary. The calculated averages of the spectrum over the segments 
should therefore be evaluated as average variability over the entire period and we 
argue that the meaning of the LF and HF components and their ratio could 
capture the overall ability to switch between sympathetic and parasympathetic 
dominance in the HRV. 

Misdiagnosis of ATTR 
In Study I and II we looked at the potential misdiagnosis of ATTRv amyloidosis 
patients as HCM. ATTRv amyloidosis patients have also the potential to be 
misdiagnosed to other diseases based on the neuropathy. One study has shown 
that ATTRv amyloidosis patients has been misdiagnosed in more than 30% to 
chronic inflammatory demyelinating polyneuropathy or lumbar stenosis (Cortese 
et al., 2015). 

QTc 
QTc according to the Bazett’s correction formula was used in Study III. Although 
this is the most used heart rate normalization formula it can be questionable if it 
is suitable for young children where heart rate is high as the method is mostly 
valid in a restricted heart rate interval (Extramiana et al., 2013). A more suitable 
measure could be the Fridericia correction which has better properties for fast 
heart rates (Goldenberg et al., 2006; Sumitomo, 2010; Vink et al., 2018). As QTc 
only was included as a descriptive characteristic and was not used for inference 
in Study III the decision was to use Bazett’s formula for comparability, as it is 
the most common calculation used in the field and is used in diagnostic criteria 
for LQTS (Schwartz et al., 1993). Characterization of QTc during childhood was 
outside the scope of Study III. Vink at. al. has evaluated the effects of age, sex 
and genotype on QTc addressing the importance of adjusting for these factors 
when evaluating QTc over the transition period of puberty (Vink et al., 2017). We 
conclude that this also hold for HRV. However, as the onset of puberty varies 
between subjects this complicates analysis for a rare disease such as LQTS as 
rather large samples are needed to estimate effects with useful precision. 
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Sex perspectives 
There is a difference between structural measurements obtained from males and 
females, as Arvidsson et.al (Arvidsson et al., 2015) has shown for both ATTRv 
amyloidosis type A and B but the question if these differences are related to just 
sex or the sex-fibril type interaction remains unanswered. Women’s hearts are in 
general 2/3 of the size of men’s hearts. It is therefore problematic if men and 
women are subject to the same thresholds for clinical evaluation of HCM (van 
Driel et al., 2019). This issue delays diagnosis and worsens prognosis for female 
patients. The decision trees in Study I did not account for sex but the strongest 
dimensional predictor IVSt/PWt can be assumed to be independent of sex since 
it measures the degree of asymmetry rather than the size of the heart. In Study 
II we found it difficult to incorporate sex as a variable in the cluster analysis but 
the distribution of sex was presented for each cluster. In Study III we did 
consider differences between boys and girls and there are some indications that 
sex should be accounted for when analyzing HRV-data, especially when analyzing 
children after puberty. Varying age of onset for puberty as well as differences in 
activity patterns between boys and girls will most certainly introduce more 
uncertainty in estimates. 

Other limitations 
The authors of the St Francis study stated that a major limitation of the trial was 
the skew age distribution due to the enrollment process. However, as the 
randomization was stratified by age, sex, LDL/HDL ratio and a compound risk 
index, balance in sex between treatment groups was obtained although imbalance 
in treatment effect could have been induced by interactions between sex and 
other factors in the final analysis. A limitation of Study IV is that we did not adjust 
for stratification variables LDL/HDL and the compound risk factor index which 
is recommended regardless of their prognostic value (Medicines, 2015). 

Future perspectives 
The analysis framework in Study II provided a visual interpretation of the data 
using k-means clustering to make a more objective categorization of potential 
subgroups. Although progress of disease is not as discreate as the output from a 
classifying algorithm we managed to capture groups with distinct patterns in 
echocardiographic findings and in HRV, and also identified HRV as a useful 
marker for separation between ATTRv amyloidosis and HCM. 

As importance of fibril type on ATTRv amyloidosis was not clearly established at 
the time of previous studies on HRV on ATTRv amyloidosis patients there is a 
need for new studies taking this new knowledge into account. Due to the clear 
previous findings, and findings in Study II, on reduced HRV in ATTRv 
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amyloidosis patients there is a rationale to further investigate the relationship 
between reduced HRV and fibril type, sex and age. 

We found no clear evidence that HRV would be different in individuals with LQTS 
compared to controls. However, over the transition period of puberty we noticed 
some indications of irregular trends with decreased HRV in LQT3 and increased 
HRV in LQT2 in pubertal and post pubertal females in the limited sample of these 
genotypes. More data is therefore needed in order to fully evaluate HRV in these 
groups and the next step is to investigate how a larger sample of these genotypes 
can be recruited. 
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Conclusions 
Study I 
We created two clinically interpretable classification trees for classification 
between HCM and ATTRv amyloidosis patients. The best classification was 
obtained from the bimodal tree, using a combination of QRS-voltage and left 
ventricular asymmetry as defined by the quotient IVS/PWT (sensitivity 0.939, 
specificity 0.939). Both trees were superior to univariate discrimination. 
Echocardiography and ECG are useful to detect cardiac amyloidosis in patients 
with hypertrophic hearts. 

Study II 
Using a multimodal approach, we showed that HRV can be used to differentiate 
between individuals with HCM and ATTRv amyloidosis. HCM patients were 
unlikely to suffer from severe autonomic disturbances measured by HRV. The 
more severe cardiomyopathy seen in ATTRv amyloidosis with fibril type A reflects 
a more disturbed autonomic regulation compared to that of ATTRv amyloidosis 
type B. However, there was a cluster of males of higher age among ATTR-A 
patients that showed abnormalities in both HRV and Echo. 

Study III 
We found that LQT1 patients did not show a different age trend in HRV compared 
to controls. LQT2 patients presented higher HRV compared to controls during 
nighttime recordings. There was an indication of higher HRV in pubertal and post 
pubertal females with LQT2 genotype and lower HRV in those with the LQT3 
genotype which makes these genotypes interesting for future studies. Genotype 
should probably be taken into account when studying HRV on children with 
LQTS 

Study IV 
In this study we showed that, compared to placebo, treatment with high dose 
statins (80 mg) increased CAC during a short-term follow up and that a moderate 
dose of statins (20 mg) resulted in an increase in CAC during long-term follow 
up. Despite the increase in CAC we found no evidence of increases in 
cardiovascular events during the long-term follow up. 
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