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Abstract  

Background: Observational studies provide important information for evidence-based medicine, 

since not all research questions can be answered using randomized clinical trials. However, in the 

absence of randomization, observational studies can be challenging by their study designs and data 

structures, where appropriate statistical solutions are often not easily applicable. In this thesis (i) 

the association between guideline-based blood pressure regulation and mortality, (ii) social 

determinants of the risk of early care dependency onset or worsening, and (iii) time trends in rates 

of the sudden infant death syndrome in different countries were investigated. 

Methods: Data from the Berlin Initiative Study (BIS), a cohort with 2,069 participants aged ≥ 70 

years, just as an ecological study based on aggregated data on infant mortality from 52 countries 

from 1969 to 2012 were used. To answer the three research questions (i) a multiple Cox 

proportional-hazards model was fitted within BIS participants treated with antihypertensives. 

Second, (ii) a multiple multi-state model was applied to BIS data to simultaneously consider 

different onset and worsening times of the care levels. Finally, based on the country-level data, 

(iii) restricted cubic splines for smoothing were jointly used with cluster analysis to identify 

countries with similar trends.  

Results: We found that participants with guideline-based regulated blood pressure had a higher 

risk of death compared to participants with non-regulated blood pressure (adjusted hazard ratio 

(95% confidence interval): 1.26 (1.04-1.54)). Older adults without a partner were in tendency at 

higher risk of early care dependency onset than persons with a partner (adjusted hazard ratio (95% 

confidence interval): 1.19 (0.79–1.79)). Moreover, we identified four clusters of countries with 

different time trends in rates of sudden infant death syndrome, where specific trends might be 

related to time points of large public campaigns such as campaigns on supine sleep position. These 

epidemiologic findings could only be derived after correctly merging and restructuring several 

datasets to make them applicable for the chosen analyses, where additionally some of the latter 

had to be technically implemented a priori. In all studies, careful sensitivity analyses were key to 

better understand estimated effects and their robustness. 

Conclusion: Based on two fields of research, within elderly and on global infant mortality, we can 

see how important the contribution of observational studies to current evidence is. Many other 

fields greatly rely on observational data, where appropriate handling of design, data structure and 

specific data issues, just as sound statistical modeling are key. 
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Zusammenfassung 

Hintergrund: Beobachtungsstudien liefern wichtige Informationen in evidenzbasierter Medizin, 

denn nicht alle Forschungsfragen können mit randomisierten klinischen Studien beantwortet 

werden. Aufgrund des Fehlens einer Randomisierung, können Beobachtungsstudien jedoch eine 

Herausforderung darstellen, ebenso wie durch die Vielzahl von Studiendesigns und komplexer 

Datenstrukturen. Geeignete statistische Lösungen sind daher oft nicht einfach anwendbar. In dieser 

Arbeit wurden (i) der Zusammenhang zwischen leitliniengerechter Blutdruckregulierung und 

Sterblichkeit, (ii) soziale Determinanten des Risikos für den Beginn oder die Verschlechterung 

von früher Pflegebedürftigkeit und (iii) zeitliche Trends in den Raten des plötzlichen 

Kindstodsyndroms verschiedener Länder untersucht.  

Methoden: Es wurden Daten der Berlin Initiative Study (BIS) verwendet, einer Kohorte mit 2.069 

Teilnehmern im Alter ≥ 70 Jahren, ebenso wie eine ökologische Studie, die auf aggregierten Daten 

zur Säuglingssterblichkeit aus 52 Ländern von 1969 bis 2012 basiert. Zur Beantwortung der drei 

Forschungsfragen wurde (i) ein multiples Cox-Proportional-Hazards-Modell innerhalb der mit 

Antihypertensiva behandelten BIS-Teilnehmer angewendet. Zweitens wurde (ii) ein multiples 

Multi-State-Modell auf die BIS-Daten angewendet, um gleichzeitig unterschiedliche Zeitpunkte 

des Beginns und der Verschlimmerung der Versorgungsstufen zu berücksichtigen. Auf der 

Grundlage der Daten auf Länderebene wurden schließlich (iii) kubische Splines zur Glättung der 

Daten, ebenso wie eine Clusteranalyse, um Länder mit ähnlichen Trends zu identifizieren 

verwendet. 

Ergebnisse: Patienten mit leitliniengemäß eingestellten Blutdruck zeigten ein höheres 

Sterberisiko im Vergleich zu Patienten, deren Blutdruck nicht gemäß den Leitlinien eingestellt war 

(adjustierte Hazard Ratio (95% Konfidenzintervall): 1,26 (1,04-1,54)). Wir konnten zeigen, dass 

ältere Erwachsene ohne Partner tendenziell ein höheres Risiko für den frühen Eintritt der 

Pflegebedürftigkeit hatten als Personen mit Partner (adjustierte Hazard Ratio (95% 

Konfidenzintervall): 1,19 (0,79-1,79)). Außerdem identifizierten wir in Bezug auf die Raten des 

plötzlichen Kindstods vier Cluster mit unterschiedlichen zeitlichen Trends, wobei spezifische 

Trends innerhalb der Cluster mit den Zeitpunkten der Initiierung großer Kampagnen 

zusammenhängen könnten, wie z. B. Kampagnen zur Rückenlage im Schlaf. Diese 

epidemiologischen Erkenntnisse konnten nur nach korrekter Zusammenführung und 

Umstrukturierung mehrerer Datensätze abgeleitet werden, um sie für die gewählten Analysen 

verwenden zu können, wobei zusätzlich einige der letzteren vorab technisch umgesetzt werden 



 
 

5 
 

mussten. In allen Studien waren sorgfältige Sensitivitätsanalysen der Schlüssel zum besseren 

Verständnis der geschätzten Effekte und ihrer Robustheit. 

Schlussfolgerung: Anhand von zwei Forschungsfeldern, innerhalb älterer Menschen und zur 

globalen Säuglingssterblichkeit, können wir sehen, wie wichtig der Beitrag von 

Beobachtungsstudien zur aktuellen Evidenz ist. Viele andere Bereiche stützen sich in hohem Maße 

auf Beobachtungsdaten, wobei ein angemessener Umgang mit Design, Datenstruktur und 

spezifischen Datenproblemen ebenso wie eine solide statistische Modellierung entscheidend sind. 
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1. Introduction 

In evidence-based medicine research questions can be addressed by different study designs. 

Randomized controlled trials (RCT) are a powerful tool in clinical research to analyze treatment 

effects. Patients are randomly assigned to the treatment groups, to ensure equal distribution of 

characteristics affecting the study outcome between the groups. In contrast, the absence of 

randomization in observational studies can induce bias, as the observed study groups differ in their 

characteristics and differences seen in the outcome are possibly a result of these inequalities and 

cannot be attributed to the treatment or exposure of interest.  

Apart from the advantages of RCTs, there are many research questions, which cannot be addressed 

by randomly assigning groups, for example the effect of smoking on lung cancer (1). Ligthelm et 

al. (2007) defined an observational study as “a study that provides estimates and examines 

association of events in their natural settings without recourse to experimental intervention” (2) 

and contrast advantages and disadvantages of observational studies and emphasize  

 the advantage of a broader spectrum of patients in observational studies due to more 

relaxed inclusion and exclusion criteria,  

 the advantage that in cohort studies long-term follow-up measures over decades are 

available, and  

 the advantage that several outcomes can be studied in parallel. 

Therefore, observational studies play an important role in current research and have been used 

increasingly in the last decades. Furthermore Barton (2000) shows two systematic reviews 

published in the New England Journal of Medicine (3) (4), which compared RCTs and 

observational studies in therapeutic areas and did not find major differences in treatment effect 

estimates between RCTs and observational studies. (5) 

There is a wide variety of observational study designs (e.g. cohort studies, case-control studies, 

and cross sectional studies), a broad range of research questions, and analyses are often based on 

several data sources. The correct analysis of data in observational studies is therefore both 

challenging and complex. Due to the absence of randomization, the researcher has to be aware of 

numerous potential sources of bias (e.g. confounding bias, selection bias, information bias, and 

immortal time bias) and potential bias due to missing observations, especially in longitudinal 

studies. (6), (1), (7) Each of these challenges has to be considered in the preparation prior to the 

analysis (e.g. the set-up of the dataset), and/or by special, more sophisticated statistical and 

epidemiological methods like confounder adjustment, matching, or multiple imputation. There are 

guidelines like the STRATOS initiative “Strengthening analytical thinking for observational 
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studies” (7) and STROBE “The Strengthening the Reporting of Observational Studies in 

Epidemiology” (8), which help researchers to achieve high quality in analysing and reporting 

observational studies. STRATOS focuses on data analysis, with the following nine main topics: 

“study design”, ”initial data analysis”, “causal inference”, “measurement error and 

misclassification”, “selection of variables and functional forms in multivariable analysis”, 

”missing data”, “survival analysis”, “high-dimensional data”, and “evaluation of diagnostic tests 

and prediction models”. (7) (9) 

The STROBE statement provides a checklist of 22 items with recommendations for reporting an 

observational study. The items distinguish between different study designs (cohort study, case-

control study, and cross-sectional study) and provide guidance on what should be reported in each 

section of the paper. 

This thesis describes and discusses the application of advanced statistical methods in answering 

three different research questions using data of two observational studies, which resulted in three 

publications1: Douros et al. (2019), Schneider et al. (2020) and Müller-Nordhorn et al. (2020). The 

first study is the Berlin Initiative Study (BIS), a longitudinal cohort study with 2,069 participants 

aged ≥ 70 years, recruited in 2009/2010 and followed until December 2016. All participants are 

members of one of the largest statutory health insurance companies in Germany, AOK-Nordost. 

Study data of individuals of this age observed over a longer period are rare. The second study deals 

with international time trends in sudden unexpected infant death. Aggregated data of 52 countries 

from 1969 to 2012 of infant mortality and the ICD-code that provides information about the cause 

of death were analysed.  

Publication 1: Douros et al. (2019) focuses on participants treated with antihypertensives in the 

BIS and their risk of all-cause mortality. Arterial hypertension is a prevalent disease in the elderly 

population which is treated with these drugs and the discussion on the target blood pressure values 

is ongoing, where different recommendations between a systolic blood pressure < 120 mmHg to 

< 140 mmHg exist. (13) (14) (15) Some of these recommondations are based on an RCT with strict 

exclusion criteria, e.g. previous stroke or diabetes, and are therefore potentially of limited 

applicability in clinical practice, since older individuals/patients often suffer from mutiple 

comorbidities. Observational studies such as the BIS can in this case provide the missing 

information about benefits and risks of antihypertensive treatment in elderly with and without 

comorbidities. We assessed whether systolic blood pressure (SBP) values below 140 mmHg and 

                                                 
1 As this thesis is based on three papers, in the following the personal pronoun ‘we’ refers to different groups of 
researchers, but will be used to acknowledge their individual contributions. My own contribution to the three 
published articles is summarized in the "Anteilserklärung an den erfolgten Publikationen" on page 28. 
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diastolic blood pressure (DBP) values below 90 mmHg during antihypertensive treatment were 

beneficial and therefore associated with a lower risk of dying. (10)  

Publication 2: Schneider et al. (2020) investigate the effect of social determinants on care 

dependency onset and progression, just as the effect on various levels of care dependency. (11) As 

life expectancy of the general population is increasing, the risk of care dependency in daily living 

increases. The role of functional impairment and morbidities for care dependency is well known 

but there is a gap in knowledge about the role of social determinants, e.g. about the role of 

partnership. We assessed whether a partner delays onset or progression of professional care 

dependency.  

Publication 3: Müller-Nordhorn et al. (2020) use yearly aggregated data of infant mortality from 

52 countries across the globe from 1969 to 2012 to identify groups of countries with similar time 

trends in sudden infant death (SID), sudden unexpected infant death (SUID), and all-cause infant 

mortality. (12) SUID remains one of the main causes of infant mortality worldwide. While Western 

countries like Western Europe, Canada, Australia, and the United States had a peak in the 1980s 

and mortality decreased during the 1990s (16), there were countries whose rates were low in the 

1980s and later increased. (17) The reduction in SIDS often coincided with sleep position 

campaigns. (18) Even though the analysis and interpretation of aggregated data have clear 

limitations, such data are useful in evaluating the association between large campaigns and their 

effect on the targeted phenomena such as SUID and SID, which remains not very well understood.  

 

This thesis focuses on study design, definition of study cohort, determination of outcome, exposure 

and confounding variables, data preparation, selection of appropriate analysis methods, and 

handling of missing data – in the specific setting of three relevant research questions, addressed 

with data from two observational studies. 

2. Methods 

2.1 Douros et al. (2019): Blood pressure regulation and mortality   

2.1.1 Study Population 

The BIS is a longitudinal cohort study, which enrolled of 2,069 participants from 2009 to 2011. 

Data on socio-demographics, lifestyle, comorbidities, and medication were collected every two 

years in a standardized face-to-face interview, when also blood and urine samples were taken (data 

source 1). Inclusion criteria were age ≥ 70 years and membership in a specific statutory health 

insurance company, the AOK-Nordost; individuals were excluded if they had dialysis prior to 



 
 

9 
 

enrolment. An advantage of this study is the combination of survey data and data from the statutory 

health insurance AOK-Nordost (data source 2), as health insurance data were available even if a 

participant did not attend a follow-up visit. The main objective of the BIS was the assessment of 

the progression of chronic kidney disease and the course of kidney function indicated by the 

glomerular filtration rate (19). 

For this research question, the study population was restricted to those BIS participants taking 

antihypertensive drugs at study entry and the time period was restricted to the time from the first 

visit until December 2016. 

2.1.2 Variables of Interest 

The outcome we chose here was the time from study entry until the occurrence of death before 

December 2016 (n=469), i.e. participants still alive at December 2016 were censored at this time 

point. The European Society of Cardiology and the European Society of Hypertension presented 

a guideline for the management of arterial hypertension (15), which recommended a systolic blood 

pressure below 140 mmHg and a diastolic blood pressure below 90 mmHg. We used these cut-

offs to categorise participants into “good” or “poor” regulation of blood pressure at baseline, i.e. 

participants with normalized blood pressure according to the guideline (< 140 mmHg and < 90 

mmHg, good regulation) and participants with non-normalized blood pressure (≥ 140 mmHg or ≥ 

90 mmHg, poor regulation), and use this categorised variable as exposure of interest. 

The selection of variables possibly introducing confounding was based on expert knowledge and 

resulted in the adjustment for 13 variables measured at baseline: age, sex, life style (e.g. smoking, 

alcohol consumption, physical activity), comorbidities (e.g. stroke, myocardial infarction), the 

number of medications and duration of treated hypertension. As these variables are associated with 

all-cause mortality but possibly also with quality of blood pressure regulation, an analysis not 

adjusting for them could give biased results. Moreover, because the starting point of observation 

is an arbitrary point in a participant’s life and not necessarily his/her start of treatment with 

antihypertensives, the adjustment for age and treatment duration is crucial.  

2.1.3 Statistical analysis 

To assess the association between exposure and time to death, we used a Cox proportional hazards 

model and presented the crude, i.e. without adjustment for covariates, just as adjusted hazard ratios 

(HR) along with 95% confidence intervals (CI). Additionally, we calculated crude incidence rates 

of all-cause mortality per 1,000 person-years along with 95% CIs, assuming the observed number 

of cases following a Poisson distribution.  
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We performed several sensitivity analyses to further investigate and understand the effect of 

normalized vs. non-normalized blood pressure on all-cause mortality. For example, we examined 

whether the estimated effect differed between subgroups, such as age groups (>80 years vs. ≤80 

years) or participants with and without pre-existing diseases (e.g. cardiovascular event prior to 

study entry), and how the effect changed given a different cut-off for normalized blood pressure 

(SBP <150 mmHg and DBP <90 mmHg). We also examined interaction effects between age and 

blood pressure regulation, just as cardiovascular risk and blood pressure regulation.  

Additionally, we performed post-hoc specified sensitivity analyses, where we defined three 

categories for blood pressure regulation (SBP < 130 mmHg and DBP < 90 mmHg; SBP 130-139 

mmHg and DBP < 90 mmHg; SBP ≥ 140 mmHg or DBP  ≥ 90 mmHg), and used the latter category 

as the reference to compare it with the other two. This analysis was additionally performed 

separately in four subgroups: men < 80, men ≥ 80, women < 80, and woman ≥ 80 years.  

To answer the main question of the effect of following guidelines, a dichotomization of the blood 

pressure values was necessary. However, since important information will be lost using cut-offs, 

it might be preferable not to dichotomize metric variables from a more statistical point of view. 

Therefore, we additionally analysed the relationship between SBP and risk of death more flexibly, 

by modelling SBP using natural splines with 25th, 50th and 75th percentile as three interior knots 

(131 mmHg, 144 mmHg, and 159 mmHg) and used SBP of 140 mmHg as the reference point. 

No imputation procedure for missing values was performed, as all independent variables were 

recorded at the mandatory baseline visit, where the percentage of missing values was low (<2%). 

The information on the outcome was available for all participants. 

For the analysis SPSS (Version 25.0; IBM Corp, Armonk, NY, USA), Stata (Version 14.0; Stata 

Corp, College Station, TX, USA), and R (Version 3.4.2; R Foundation for Statistical Computing, 

Vienna, Austria) was used. 

2.1.4 Data handling 

The first data source was the BIS survey data, where data of a single participant is available at 

different time points. This information is stored in long-format, i.e. with multiple rows per 

participant, where one row represents one study visit. The second data source was the claims data, 

which was available starting from 3 years prior to study enrolment with information on 

hospitalization, outpatient visits, care levels and surgery and procedure codes (OPS), stored in six 

data sets. The information from Health Insurance Company is typically stated with the exact date 

of the claim. Data of these two data sources had to be partly aggregated and subsequently combined 

by an anonymized linkage code. The main challenge of the data merge was the correct assignment 



 
 

11 
 

of the claims data structured by specific dates, to the survey data structured by visits and their time 

points.  

2.2 Schneider et al. (2020): Social determinants of care dependency 

2.2.1 Study Population 

Data of the BIS were also used to answer this research question (see Section 2.1.1).  It required 

the exclusion of participants with the highest level of care at baseline, to base the analyses on the 

set of participants where a progression is still possible. We additionally excluded participants who 

had improved their care level over the course of the study, since our focus was on progression of 

care dependency. We followed participants from the first study visit until December 2016.  

2.2.2 Variables of Interest 

Care dependency was defined based on the daily time during which assistance in activities of daily 

living was needed, where the German care system defined three levels of care (until December 

2016): level one - assistance at least 90 minutes daily, level 2 – assistance at least 3 hours daily, 

and level 3 - assistance at least 5 hours daily (20). Due to low case numbers of care level 3, we 

combined level 2 and 3. Therefore, we considered three possible states in the analysis: no care 

dependency, care dependency level 1, and care dependency level 2 (combined original levels 2 

and 3), just as the transition time from one state to another as the study outcomes. Due to a change 

in the German care system from three levels to five starting from January 1st, 2017, the follow-up 

period was limited to December 2016. 

Exposure variables of interest were social determinants, including partnership status (yea/no), 

education (CASMIN short (21)), monthly income, sex, and age. Out of these, partnership status 

changed for some participants over the observation time and was therefore modelled as a time-

dependent variable.   

Based on knowledge of health care professionals, we included nine variables measured at baseline 

in the multiple regression model to address confounding, including information about life style 

(e.g. smoking, alcohol consumption), comorbidities (e.g. stroke, myocardial infarction).  

2.2.3 Statistical analysis 

Due to the relevance of time in any time-to-event analysis, we reported both the event rate but also 

unadjusted hazard ratios in the descriptive analysis. We wanted to analyse more than one event of 

interest in a single model, while estimating the effect of one variable on different transitions as a 

transition-specific effect and not to have a separate model for each transition. Therefore, a multi-
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state model was chosen to assess the effect of social determinants on time to different event types. 

In this model, three different transitions were possible, (1) transition from no care dependency to 

care dependency level 1, (2) no care dependency to care level 2, and (3) care level 1 to care level 

2. In such a model, several specifications and assumptions have to be made prior to data 

preparation and analysis (22). We censored participants who died during the observation time, as 

the focus of the analysis was not mortality, but also because mortality will be reported in 

subsequent publications. We used participant’s age as the time scale in the multi-state model, since 

the study entry is arbitrary in the participant's life span. Thereby, all effects are automatically age-

adjusted. Considering three different transitions, we assumed different baseline hazards for each 

transition. The models were stratified for the three transition types, which additionally accounted 

for the dependency of the data. We used the “clock-forward” approach for the definition of time t 

(22), (23). Since we assumed different effects of a variable on each transition, we estimated 

transition-specific coefficients. However, in favour of a parsimonious model, the necessity of a 

transition-specific coefficient was evaluated based on the Bayesian Information Criterion (BIC). 

The Nelson-Aalen cumulative hazard function was used for illustration.   

Due to participant dropouts, the amount of missing values in the time-dependent variable 

partnership increased over the follow-up visits. As we assumed that the missing was due to older 

age and increased frailty and since the information of care dependency was available from claims 

data independent of the biannually survey data, we could use it as a proxy and account for missing 

values by using multiple imputation by chained equations. For the imputation, all variables of the 

model, age and outcome variables were included to generate 10 imputed datasets.  Results of the 

multiple imputed data sets were pooled by using Rubin´s rules (24).  

 

For data preparation and multiple imputation SPSS (Version 25.0; IBM Corp, Armonk, NY, USA) 

was used. Multi-state models were calculated with R (Version 3.4.2; R Foundation for Statistical 

Computing, Vienna, Austria) using the mstate package (22, 25, 26) and the mvna package for 

Nelson-Aalen estimator (27).  

2.2.4 Data handling 

We merged the BIS survey data with health insurance data, as in Douros et al. (2019). In addition, 

we used follow-up information on partnership status from survey data and the care level from 

health insurance data. The main challenge in data preparation was again to correctly merge data 

from different sources, but additionally to arrange it in a way specific to the chosen analysis 

method, a multi-state model with time-dependent exposure. 
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For being able to apply a multi-state Cox proportional hazards model, the data have to be in long 

format, with a separate row for every possible transition of the individual (Table 1).  We used the 

R package mstate (22, 25, 26), which requires the dataset to be in a specific format, known as the 

"counting process" format (28). In this format, there are several rows for one individual, one row 

for each possible transition for which an individual is at risk. The new dataset includes the ID of 

the participant, the information about the present transition, i.e. from which state the transition 

starts and to which it goes, the dummy code of the transition (trans), and the start and stop time. 

Start and stop is the time period in which the patient is at risk for the specific transition, the status 

variable indicates whether the participant changed his or her state according to the specific 

transition during the observation time of the study (1: yes, 0: no). For the multi-state model, five 

scenarios for the participants were possible (see Table 1): 

(i) Participant (ID = 1) experienced transition from no care dependency to level 1 only 

(status=1). For the other two transitions, the participant is at risk (status=0). Therefore 

in total three rows in the dataset are needed. 

(ii) The participant (ID = 2) experienced the transition from no care dependency to level 2 

only. In the same time interval, the participant is at risk to experience transition from 

no care dependency to level 1. The transition from level 1 to level 2 is not possible, as 

the participant was already in level 2. Therefore in total two rows in the dataset are 

needed. 

(iii) The participant experienced transition from level 1 to level 2 only. The transition 

starting from no care dependency is not possible, as the participant was in level 1 at the 

enrolment of the BIS. Here, only one row in the dataset is needed. 

(iv) The participant (ID=4) experienced no transition. 

(v) The participant (ID=5) experienced transition from no care dependency to level 1 and 

the transition from level 1 to level 2. Three rows in the dataset are needed.  

The dataset also had to be extended by the time-dependent variable partnership status (0: no 

partner, 1: yes). For each change in this variable, a new row was added to the dataset with the 

information in which time interval the respective status was valid. For illustration, we assume that 

participant with ID = 1 changed his/her partnership status at the age of 74 from having no partner 

to having a partner (Table 2). Therefore, dataset is extended by two additional rows and the time 

interval from age 73-77 must be split into two intervals 73-74 and 74-77. 
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Table 1 Exemplary layout of dataset for multi-state modelling, counting process format given five 
individuals. 

ID from to transition start stop status 

1 0 1 1 73 77 1 

1 0 2 2 73 77 0 

1 1 2 3 77 79 0 

2 0 1 1 86 88 0 

2 0 2 2 86 88 1 

3 1 2 3 75 76 1 

4 0 1 1 86 89 0 

4 0 2 2 86 89 0 

5 0 1 1 84 85 1 

5 0 2 2 84 85 0 

5 1 2 3 85 88 1 

Each row contains the specific transition (from and to which state), the time period (start- and stop time and its difference: time), 
and the status (1: if the participant experienced the transition, 0: if not) for each of the 5 individuals 

Table 2 Exemplary layout of dataset for multi-state modelling including time-dependent variable, 
counting process format given one individual. 

ID from to transition start stop status partner 

1 0 1 1 73 74 0 0 

1 0 1 1 74 77 1 1 

1 0 2 2 73 74 0 0 

1 0 2 2 74 77 0 1 

1 1 2 3 77 79 0 1 

Each row contains the specific transition (from and to which state), the time period (start- and stop time and its difference: time), 
the status (1: if the participant experienced the transition, 0: if not), and the partner status  (0: no, 1: yes) for one individual, 
whose partnership status changes 

2.3 Müller-Nordhorn et al. (2020): International time trends of infant mortality 

2.3.1 Study population 

For this study, yearly aggregated infant mortality data from 1969 to 2012 from 52 countries 

worldwide were obtained. Data were collected from the respective national statistical offices of 

the countries including the information about the two specific causes of death SID, SUID, which 

were indicated by the ICD code. The aim of the project was the identification clusters of countries 

with similar time trends regarding SID, SUID and all-cause infant mortality rates.  

 



 
 

15 
 

The focus region of our study was Europe and other regions with selected countries of the world 

for comparison. We used the derived geographic units of the Global Burden of Disease study (29) 

for the classification of regions. The following regions and countries were included: “ 

1) Western Europe (Austria, Belgium, Cyprus, Denmark, East Germany, England & Wales, 

Finland, France, Greece, Iceland, Ireland, Italy, Luxembourg, Malta, Netherlands, 

Northern Ireland, Norway, Portugal, Scotland, Spain, Sweden, Switzerland, West 

Germany) […]  

2) Central Europe (Albania, Bulgaria, Croatia, Czech Republic, Hungary, Kosovo, Republic 

of Macedonia, Poland, Romania, Serbia, Slovakia, Slovenia).  

3) Eastern Europe (Belarus, Estonia, Latvia, Lithuania, Republic of Moldova, the Russian 

Federation, Ukraine).  

4) Selected countries from other regions: high-income North America (Canada, USA), 

Australia (Australia, New Zealand), high-income Asia Pacific (Japan), Southern Latin 

America (Chile, Uruguay), Central Latin America (Costa Rica, Mexico), and North Africa 

and Middle East (Turkey).” (12) 

2.3.2 Variables of Interest 

The primary diagnosis of interest was SUID, which encompasses the ICD codes R95 - ‘sudden 

infant death syndrome’, W75 - ‘accidental suffocation and strangulation in bed’, and R99 - ‘other 

ill-defined or unspecified causes of mortality’ (30). Differences in the use of ICD codes have been 

shown between countries. Therefore, the broader category R96-R99 "undetermined and unknown 

causes of death" was used. In addition, SID and all-cause infant mortality were secondary 

outcomes of interest. Infant mortality, regardless of ICD code, was defined as death in the child's 

first year of life.  

2.3.3 Statistical analysis 

We calculated infant mortality rates per 1,000 live births. To remove noise from the data we 

smoothed all mortality rates over time by using restricted cubic splines with six nodes. To identify 

similar time trends of SUID and SID between the countries, we performed two hierarchical cluster 

analyses, first for SUID and all-cause infant mortality and second for SID and all-cause infant 

mortality. We extracted smoothed values from restricted cubic splines for the cluster analysis from 

1980 to 2010, 62 variables in total. Since all-cause mortality had higher values in comparison to 

SID and SUID, and therefore had a higher weight in each of the two hierarchical cluster analysis, 

we calculated separate Manhattan distance matrices for SUID, SID, and all-cause mortality. This 
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allowed us to ensure that the rates for both SUID and all-cause mortality were equally weighted in 

the cluster analysis, and the same was done for the second cluster analysis on SID and all-cause 

mortality. We used Ward´s minimum variance method as algorithm in the cluster analysis. 

Country-specific maxima were calculated from the smoothed curves of mortality rates for SUID 

and SID.  

In case of missing values, the Mortality Database of the World Health Organization (WHO) was 

checked, to impute the missing values if additional data were available. Due to a high number of 

missing data at the beginning and the end of the observed time-period, we restricted the time-

period for the cluster analysis to the period 1980 to 2010.  

 

For statistical analysis, the software R (R 3.3.2 -R Foundation for Statistical Computing, Vienna, 

Austria) was used, in particular the function hclust out of the R package rms for the calculation of 

restricted cubic splines and cluster analysis. 

3. Results  

3.1 Douros et al. (2019): Blood pressure regulation and mortality 

3.1.1 Epidemiologic Findings 

The original study population of 2,069 reduced to 1,628 participants, as only they were treated 

with antihypertensive drugs at study entry. The participants were observed over a median follow-

up time of 6 years and 1 month (interquartile range: 5 years 6 months - 6 years 5 months), 469 of 

them died during the observed time. Of the observed study population, 636 (39%) had normalized 

blood pressure values, whereas 992 (61%) participants had non-normalized blood pressure values. 

Both groups were similar in terms of patient characteristics at baseline, except that participants 

with normalized blood pressure were more likely to suffer from a higher burden of comorbidities 

at baseline – compared to participants with non-normalized blood pressure. 

The crude and adjusted analyses showed that normalized blood pressure was associated with a 

higher risk of all-cause mortality compared to participants with non-normalized blood pressure 

(crude HR (95% CI): 1.25 (1.04-1.50); adjusted HR (95% CI): 1.26 (1.40-1.54)). Subgroup 

analyses showed that this effect was larger in participants with a previous cardiovascular event at 

baseline (adjusted HR (95% CI): 1.61 (1.14-2.27)) than in participants without such a previous 

event (adjusted HR (95% CI): 1.16 (0.90-1.48)). Age group analysis showed a higher risk of all-

cause mortality with compared to without normalized blood pressure for participants aged 80 years 
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or above. Interestingly, for participants younger than 80 years, there was an inverse effect (adjusted 

HR: 0.83 (0.54-1.27)). 

3.1.2 Methodologic Findings 

Given the complexity of the different data sources it was key to first become familiar with both 

survey and claims data, to finally be able to merge the information into one dataset. Consideration 

of confounding was relevant, as well as accounting for age and treatment duration to control for 

arbitrary starting point of study entry in participants’ life. In the light of the unexpected primary 

result of a higher risk for all-cause mortality in patients with normalized blood pressure compared 

to patients with non-normalized blood pressure, the sensitivity analyses had to be greatly extended. 

To better understand this finding, several subgroup analyses were applied, just as an additional 

analysis on the association of blood pressure and mortality was implemented using natural splines 

to estimate more accurately the effect of different levels of blood pressure.  

3.2 Schneider et al. (2020): Social determinants of care dependency 

3.2.1 Epidemiologic Findings 

The total of 2,069 BIS participants reduced to 2,021 for this analysis, as they were not in level 2 

or 3 of care dependency at baseline (n=44) and did not experience an improvement in level of care 

at study entry (n=4). The median follow up time for the analysis of research question was 5 years 

and 2 months (interquartile range: 4 years 8 months - 5 years 6 months). Of those, 431 experienced 

the transition from no care dependency to level 1 (0→1), 77 from no care dependency to level 2 

(0→2), and 146 from level 1 to level 2 (1→2). In total the level of care dependency changed for 

556 participants, 98 participants had more than one transition. Older age was associated with a 

higher risk of progression in care dependency. The advantage of the used multi-state model was 

to derive effect estimates for the different events parallel in one regression model. Females had a 

higher risk to enter level 1 care dependency than men, but lower risk for direct entry in level 2 

from no care dependency. Participants without a partner had a higher risk for transition from no 

care dependency to level 1 than participants with a partner, but a lower risk for the transition from 

care level 1 to care level 2 and the direct entry in level 2. The fact that the partner delays the entry 

into care level 1 through his support also means that participants with a partner are more likely to 

enter care level 2 as a result.  However, the partner does not delay the worsening of care 

dependency. Participants with comorbidities experienced worsening in care dependency more 

frequently than participants without.  
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In the multiple multi-state model, the variables partnership and sex were included as transition 

specific, whereas regression coefficients of the other variables were estimated as fixed for the 

different transitions. The risk of progression from no care level to level 1 was slightly higher for 

women compared to men (HR (95% CI): 1.07 (0.75–1.53)), and slightly higher for participants 

with compared to participants without a partner (HR (95% CI): 1.19 (0.79–1.79)). For the other 

two possible transitions, i.e. from no care dependency to level 2 and from level 1 to level two, 

there was an inverse association for sex (0→2: HR (95% CI): 0.62 (0.29–1.31); 1→2: HR (95% 

CI): 0.71 (0.41–1.22)) and partnership (1→2 HR (95% CI): 0.73 (0.38–1.39); 0→2: HR (95% CI): 

0.72 (0.28–1.83)), compared to transition from no care dependency to level 1.  

3.2.2 Methodologic Findings 

To answer this research question, we chose a multi-state model to flexibly analyse different events, 

where the effect estimates can be defined as fixed or transition-specific. This is not possible when 

analyzing the different events in separate Cox proportional hazards models which would be an 

alternative, but not so efficient analysis method. Given this multi-state model with the addition of 

a time-dependent variable, a specific data format was required, and therefore rendered prior data 

preparation quite complex. As in Douros et al. (2019), adjusting for confounding played a role. 

The problem of accounting for the arbitrary start time of the study in the participants’ lives was 

elegantly solved by using the age of the participants as time scale. Through this step, the 

adjustment for age was also addressed. In addition, the imputation of missing values by chained 

equations and the associated pooling of results using Rubin's rules (24) was added. The 

automatically pooling of results of multi-state models with a time-dependent variable from 

multiple imputed datasets was not implemented in R and had to be additionally programmed.  

3.3 Müller-Nordhorn et al. (2020): International time trends of infant mortality 

3.3.1 Epidemiologic Findings 

In total, infant mortality decreased from 28.5 per 1,000 live births in 1969 to 4.8 in 2012. We could 

not calculate SUID and SID mortality rates for all countries and years, due to different coding and 

changes in ICD codes. Therefore, we included data from 29 countries for the cluster analysis of 

SUID in the years 1980 to 2010 and from 27 countries for the cluster analysis of SIDS. 

In both analyses, we deduced four clusters. Clusters 1 and 2 of SUID mortality rates show a similar 

time trend with an increase in SUID rates until the mid-1980s and a subsequent decline. Rates of 

all-cause mortality in these two clusters were the lowest compared to the other two. Overall, the 

rates of countries in cluster 1 are higher with a maximum SUID rate of 3.9 per 1000 live births 
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(New Zealand) compared to cluster 2 with a maximum of 2.2 per 1000 live births (Norway). 

Predominantly, countries from Western Europe, Australia, New Zealand, and Canada are in 

clusters 1 and 2. Clusters 3 and 4 are characterized by low SUID rates < 1 per 1,000 live births 

throughout the observation period, with the exception of Uruguay in cluster 3. Overall mortality 

rates are two to three times higher in cluster 3 compared to cluster 1, and are in the middle range 

in cluster 4. Cluster 3 mainly consists of countries from Central Europe, Chile, and Uruguay, in 

cluster 4 there are countries of Western Europe (Finland, East Germany, Italy, Portugal, and 

Spain), Czech Republic, and Japan. The four clusters for SID show a similar time trend of rates as 

the clusters for SUID.  

3.3.2 Methodologic Findings 

The main challenge in the statistical analysis was grouping of countries with similar time trends 

in several outcomes (e.g. overall mortality, SID, SUID). The smoothing step of time trends of the 

different outcomes was a key pre-process to reduce noise in the fine-grained yearly data. The 

cluster analysis was then based on derived parameters of the smoothed outcomes at specific time 

points for each country. At the first step of cluster analysis, we obtained three clusters. However, 

the first cluster included a range of countries with a variety of time trend, which showed similar 

all-cause mortality rates, but differences in SUID and SID rates. In order to separate them, we 

subsequently performed a second cluster analysis with these countries only. 

4. Discussion 

This thesis encompasses three main research questions, and addresses them with a variety of 

statistical analyses and data from two different observational studies. It describes the data and 

analysis methods, the deduced results, and additionally focuses on the challenges associated with 

the application of statistical methods in observational studies based on these research questions.  

4.1 Summary of Epidemiologic Findings 

The first data source was the Berlin Initiative Study (BIS), a longitudinal cohort containing data 

from 2,069 older adults (≥ 70 years). The data were used to investigate the association between 

following the guideline for blood pressure in antihypertensives treated patients and risk of 

mortality. This resulted in the quite unexpected finding that patients with normalized blood 

pressure had a higher risk for all-cause mortality than patients with non-normalized blood pressure 

(adjusted HR (95% CI): 1.26 (1.04-1.54)). Subsequent stratified analyses according to age group 
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and previous cardiovascular events showed that the risk for mortality was higher in participants 

80 years or above and participants with a previous cardiovascular event. 

The BIS data was also used to investigate social determinants of the risk of care dependency or 

worsening in care levels. The risk to enter care level 1 was slightly higher for women compared to 

men (HR (95% CI): 1.07 (0.75–1.53)), and slightly higher for participants with compared to 

participants without a partner (HR (95% CI): 1.19 (0.79–1.79)). For entering directly to level 2 

and worsening from level 1 to level 2, there was an inverse association for sex and partnership.  

The second data source was a study with aggregated data on infant mortality rates, based on 52 

countries worldwide in the period from 1969 to 2012. The aim was to identify countries with 

similar time trends of mortality rates, with a special focus on the causes of death sudden 

unexpected infant death (SUID) and sudden infant death (SID). Based on restricted cubic spline 

smoothing and hierarchical cluster analysis for time trends, we found four clusters for both SUID 

and SID rates, with a typical peak in the 1980s in cluster 1 and 2 and constantly lower rates in 

cluster 3 and 4. 

4.2 Summary of Methodologic Findings 

A first, often underestimated, challenge prior to analysis is the potential complexity of datasets 

and the need for their adaptation to the chosen type of analysis. This was the case for both projects 

based on data from the BIS, where it was key to first become familiar with the data its structure to 

be able to deduce the relevant information in the right format for each research question. 

Subsequently, especially in observational studies, the best suitable method might be of higher 

complexity, as e.g. a multi-state model with an additional time-dependent variable. The latter was 

the used in Schneider et al. (2020), as we considered more than one event of interest and 

partnership status as time-dependent. Additionally, in some instances, the appropriate methods 

might not be implemented in statistical software yet and therefore require additional programming. 

This was the case for the multi-state model, where pooling of analysis results for multiply imputed 

datasets was not readily available in R. 

As a next step, several sensitivity analyses might be of importance, e.g. to get a better 

understanding of an estimated effect and to investigate its robustness. In Douros et al. (2019) the 

primary result of a higher risk for all-cause mortality in patients with normalized blood pressure 

compared with patients with non-normalized blood pressure was unexpected and therefore the a 

priori determined sensitivity analyses were extended to a great extent to get a better understanding 

of the estimated effect and its robustness. In cluster analysis, determining the appropriate number 
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of clusters usually needs additional evaluation after deriving first results, as was the case in Müller-

Nordhorn (2020) where we clustered countries with similar time trends of infant mortality. At the 

first stage of cluster analysis, we obtained three clusters, with cluster 1 including several countries 

that showed similar all-cause mortality rates, but differences in SUID and SID. In order to separate 

them, we performed a second cluster analysis with these countries only. 

4.3 Strengths and Limitations 

The strength of the BIS lies in providing high quality data in older people over a long period and 

additionally providing data from a health insurance company. The study on infant mortality trends 

had the strength of combining this kind of information for many different countries worldwide 

over a long period of time. 

The study by Douros et al. (2019) had the limitation to only use baseline observations of the blood 

pressure regulation and confounder variables, as the median observation period of 6 years and 1 

month in old age is a period in which health status can change rapidly. In order to use all the 

information, the exposure and confounder variables could be included as time-dependent variables 

in the model in a further study on this topic. In Schneider et al. (2020) we did not include death as 

a terminating event in the analysis due to the focus on the risk of onset and progression in care 

dependency. Although mortality will be analyzed as one of the main outcomes in subsequent work, 

death as terminating events does play a role in effect estimates of time to event data and multi-

state models. One important prerequisite for assuming that a participant is on risk for change in 

care dependency is that the participant is still alive. Death is thus a competing event and should be 

additionally considered in the model. 

The main limitations of Müller-Nordhorn et al. (2020) lie in the nature of an ecologic study, where 

data is not available at the individual but only at the aggregated level by diagnosis, year, and 

country. There is also a lack of information on the distribution of possible risk factors, such as 

smoking behavior or vaccination rates of the population. 

4.4 Conclusion 

This research based on three publications focused on the challenges associated with data analysis 

in observational studies. First, it contributed to the field of research on elderly by investigating the 

association between guideline-based and the risk for all-cause mortality, just as social determinants 

of care dependency. Second, it also contributed to the field of global infant mortality trends by 

showing which countries have similar trends in time for potentially being able to link these to 
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public health interventions. Research in both of these fields greatly rely on observational data, and 

therefore sound statistical methods are needed, which can pose challenges from data preparation, 

implementatation of analyses, to interpretation of results. 
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