
 

 

 University of Groningen

(Genetic) Epidemiology of Inflammation, Age-related Pathology and Longevity
Sas, Arthur Alexander

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Sas, A. A. (2019). (Genetic) Epidemiology of Inflammation, Age-related Pathology and Longevity. [Thesis
fully internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/d02283f6-590e-432a-8cbc-20d7ac16a1c6


(Genetic) Epidemiology of Inflammation, 
Age-related Pathology and Longevity



By
Arthur Alexander Sas

The research and publication of this thesis was financially supported by 
University of Groningen, Junior Scientific Masterclass (JSM), Graduade 
Science in Healthy Ageing and healthcaRE (SHARE) and University Medical 
Center Groningen (UMCG).

Layout, design and printing: 

www.markyourmedia.nl 

ISBN 978-94-034-1376-1

(Genetic) Epidemiology of Inflammation, 
Age-related Pathology and Longevity

Proefschrift

ter verkrijging van de graad van doctor aan de 
Rijksuniversiteit Groningen

op gezag van de
rector magnificus prof. dr. E. Sterken

en volgens besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op

maandag 11 februari 2019 om 14.30 uur

door

Arthur Alexander Sas

geboren op 12 mei 1984
te Raalte

 
 
 
 
 
 

(Genetic) Epidemiology of 
Inflammation, Age-related 

Pathology and Longevity 
 
 
 
 
 
 
 

Proefschrift 
 
 
 
 

ter verkrijging van de graad van doctor aan de  
Rijksuniversiteit Groningen 

op gezag van de 
rector magnificus prof. dr. E. Sterken 

en volgens besluit van het College voor Promoties. 
 

De openbare verdediging zal plaatsvinden op 
 

maandag 11 februari 2019 om 14.30 uur 
 
 
 

door 
 
 
 

Arthur	Alexander	Sas	
 

geboren op 12 mei 1984 
te Raalte 

 	



Promotor
Prof. dr. H. Snieder 

Copromotor
Dr. H. Riese 

Beoordelingscommissie
Prof. dr.  H.M. Boezen 
Prof. dr.  R. Bruggeman 
Prof. dr.  F.V. Rijsdijk 

Paranimfen
Daniëlle Groot Zwaaftink
Elise Sas



~ 

In liebervoller Erinnerung an

Dieter Mencke

~



Contents of the thesis

Chapter 1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11
Introduction

Chapter 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21  
The age-dependency of genetic and environmental influences 
on serum cytokine levels: a twin study.
Published in Cytokine, 2012.

Chapter 3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 
Genetic and environmental influences on stability and change in 
baseline levels of C-reactive protein: A longitudinal twin study.
Published in Atherosclerosis, 2017.

Chapter 4  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 
The relationship between neuroticism and inflammatory 
markers: a twin study.
Published in Twin Research and Human genetics, 2014.

Chapter 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 
Gompertz’ survivorship law as an intrinsic principle of aging.
Published in Medical Hypothesis, 2012.

Chapter 6  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 
Gompertz’ hazard law as a network principle of aging.
To be accepted for publication, submitted in 2018.

Chapter 7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 
General Discussion

Summary of the thesis Page  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 

Samenvatting van de thesis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 

Dankwoord  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 

Previous dissertations within Research Institute SHARE  . . . . . . . . . . . 111 



10 11

In
tr

od
uc

tio
n

Chapter 1

Introduction



12 13

In
tr

od
uc

tio
n

Life is irrevocably connected to death. Every living organism eventually dies; 
whether they are small like bacteria or large like elephants. In general, we 
all follow our own “walk of life”, from birth to our death. This “walk of life” is 
better known as “ageing”, a continuous process in which our bodies become 
“older”.

The life course of most organisms is highly comparable. This means birth, 
youth, the reproductive and post-reproductive phase and –ultimately- 
death. How this endpoint is reached however (e.g., length and timing of 
the aforementioned phases, diseases organisms encounter and –ultimately- 
cause of death) is more individually defined. For humans, these “moderators 
of lifespan” can be divided into genetic influences (or genetic predisposition) 
on the one hand, and non-genetic influences (e.g., environmental influences 
and (risk)behaviours) on the other hand (Franceschi et al., 2000 and 2007, 
Vasto et al. 2007). 

Table 1. Illustrative examples of genetic and non-genetic moderators of lifespan. 

Genetic Non-genetic 

Telomere length has been 
associated with age. 
Telomeres are the “end-cap” of chromosomes, 
protecting the genetic information (or DNA). 
The telomere length however, declines with 
every cell cycle. This ultimately leads to loss of 
telomere functionality, cellular dysfunction (due 
to loss of genetic information) and subsequent 
cell death.

Specific genetic mutations have 
been associated with development 
of (age-related) pathology. 
Genetic mutations are responsible for Progeria, 
a disease in which patients age  at a rapid rate 
and die prematurely. Also, genetic mutations 
have been related to particular cancer types 
(BRCA1 à breast cancer).

Oxidative stress has been 
related to rate of ageing and 
development of disease. 
Oxidative (metabolic) stress and (for 
example) cosmic radiation, are among the 
burdens organisms have to deal with on our 
planet. This radiation triggers production 
of free radicals in our cells, which damages 
DNA and also leads to cellular dysfunction 
and, ultimately, cell death. 

Unhealthy behaviour may 
increase the rate of ageing and 
the risk of an untimely death.
Smoking in humans make them more prone 
to develop cardiovascular diseases, lung- 
and bladder cancer and  death from these 
causes.

Genetic Non-genetic 

Ageing is associated with a low-grade elevation of inflammatory markers, 
attributed to the dysregulation of immune and inflammatory pathways with 
ageing.
The synthesis and regulation of serum levels of inflammatory factors has been extensively 
studied, showing the significance of both environmental and genetic influences in this process.

In Table 1, some examples of these influences are explained in detail, 
illustrating how these mechanisms impact the ageing process. The precise 
contribution and interplay between these influences remain unclear 
however.

In order to further clarify these interactions, the use of biochemical biomarkers 
for quantifying the status or rate of ageing has been evaluated in an attempt 
to identify individuals who are more prone to age-related pathology. In this 
context, it has been demonstrated that ageing is associated with a low-
grade elevation of inflammatory markers, attributed to the dysregulation 
of immune and inflammatory pathways with ageing (Franceschi et al., 
2000 and 2007, Vasto et al., 2007, Pawelec et al., 1999). In accordance with 
these findings, it has been shown that chronic inflammation predisposes to 
morbidity and mortality from many chronic, age-related diseases (such as 
chronic pulmonary and cardiovascular disease) (Bruunsgaard et al., 2001, 
Schnabel et al., 2009, Danesh et al., 1998, Luc et al., 2003). 

The synthesis and regulation of serum levels of inflammatory markers has 
been extensively studied, showing the significance of both environmental 
and genetic influences in this process (Pantsulaia et al., 2001, Rahman et 
al., 2009, Su et al., 2009, Maat et al., 2004). The ideal study design to assess 
these influences as well as possible interactions and “moderators” are 
classical twin studies. These types of studies are typically analyzed using 
variance component models, also known as structural equation modeling 
(Neale & Cardon, 1992, Purcell, 2002, Snieder et al., 2010, Kyvik, 2000).

Variance component analysis of classic twin studies

Twin methodology allows estimation and quantification of the relative 
contribution of genes and environment to the disease or trait of interest. The 
classic twin study design is based on the idea that two kinds of twins exist. 
Monozygotic (MZ) twins are genetically “equal”; any phenotypic differences 
between them are due to their differential environments. Dizygotic (DZ) 
twins are genetically no more comparable then siblings (which share on 
average 50% of their segregating genes). The actual variance component 
analysis is based on the comparison of the variance-covariance matrices in 
MZ and DZ twin pairs, and allows separation of the observed phenotypic 
variance into its genetic and environmental components: additive (A) 
or dominant (D) genetic components and common (C) and unique (E) 
environmental components (E also includes measurement error). In general, 
any greater phenotypic similarity among MZ twins compared with DZ twins 
reflects the importance of genetic influences (assuming that both types of 
twins share environmental influences to the same extent) (Neale & Cardon, 
1992, Purcell, 2002). The assumption of equal environmental sharing in MZ 
and DZ twins has been frequently criticized as a potential weakness of the 
twin design. However, studies specifically carried out to test it (e.g., studies 
conducted among twins where zygosities had been misassigned) have 
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shown no instances where violation of this assumption leads to important 
bias in interpretation of the results of classic twin studies (Snieder et al., 
2010, Kyvik, 2000). 

Twin studies not only provide estimates of the relative contribution of genetic 
and environmental influences. They also allow exploration of interaction 
models, for example a gene-age interaction, as in the interaction models 
introduced by Purcell (Purcell, 2002). This model directly incorporates age 
as a continuous moderator into the model and allows to estimate whether 
and to what extent the A (or D), C and E components on a trait of interest 
are modified by age. In this gene-age interaction model, the phenotypic 
variance of the outcome variables is portioned into A, C, and E components 
with the path coefficients associated with each variable expressed as linear 
functions of age (e.g., A+T×M1, C+U×M1, E+V×M1) where M1 represents 
the value of the moderator (age in years), T, U & V represent the relative 
influence of the moderator on A, C and E and B represents linear effects on 
the outcome (Figure 1) (Purcell, 2002, Sas et al., 2012a).

Furthermore, with multivariate variance component models, making use 
of the ‘Cholesky decomposition’, cross-trait, cross-twin correlations of 
the MZ and DZ pairs can provide additional information to partition the 
phenotypic correlation between variables within individuals into A, C and 
E components (Neale & Cardon, 1992). This also includes the possibility 
of applying multivariate variance component models to longitudinal data. 
In the example in figure 2, baseline C-reactive Protein (CRP) levels are 
assessed multiple (up to 3) times and the heritability as well as the genetic 
and environmental correlations between different time points of CRP 
measurements was calculated.

Figure 1. Partial path diagram for the basic gene-environment interaction model. 
A=additive genetic effects; C=common environmental effects; E=unique environmental 
effects; M=moderator (age); T=moderated component of A; U=moderated component of C; 
V=moderated component of E; B=linear effects of moderator on mean (forced entry). In 
path diagrams such as these unobserved (latent) factors are in circles, observed (measured) 
variables in squares and effects on the mean of the measured variable (trait) are indicated 
by the triangle. 

Figure 2. Path diagram for a multivariate model. For clarity, only one twin is depicted. 
A1, A2, A3 = Genetic variance components; C1, C2, C3 = common environmental variance 
components; E1, E2, E3 = unique environmental variance components; V1, V2, V3 = Visit 1, 
2 and 3; a11 through a33 = genetic path coefficients (or factor loadings); c11 through c33 
= common environmental path coefficients (or factor loadings); e11 through e33 = unique 
environmental path coefficients (or factor loadings). 
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This gives an estimation of genetic and environmental sources of the stability 
and change in CRP with increasing age. In this model it is possible to test 
whether the genes influencing baseline CRP-levels at e.g. visit 1 and 2 (and 
therefore different ages) are the same, partly the same or entirely different. If  
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This gives an estimation of genetic and environmental sources of the 
stability and change in CRP with increasing age. In this model it is possible 
to test whether the genes influencing baseline CRP-levels at e.g. visit 1 and 
2 (and therefore different ages) are the same, partly the same or entirely 
different. If 
they are partly the same, this multivariate model allows further determination 
of the amount of overlap between genes influencing CRP at different ages 
or visits (V1, V2, V3) by calculating the genetic correlation (rg) between (in 
this context) the different measurements of CRP-levels. Shared and unique 
environmental correlations can be calculated in a similar fashion (Sas et al., 
2017).

Aims and scope of the thesis

The present thesis aims to apply several aspects of twin modeling on two 
cohorts of twin data, using data from the TwinsUK Registry (Spector & 
Williams, 2006) and Twin Interdisciplinary Neuroticism Study (TWINS) (Riese 
et al., 2013), in order to investigate the genetical and environmental influences 
underlying baseline serum levels of various well established inflammatory 
markers (C-Reactive Protein [CRP], Fibrinogen, Immunoglobulin-G [IgG], 
Interleukin[IL]-1β, IL-6, IL-10 and Tumor Necrosis Factor [TNF]-α) (Sas et 
al., 2012a).  The role of age as a possible moderator of these influences is 
investigated, using a cross-sectional study design with gene-age interaction 
modeling in chapter 2 (IL-1β, IL-6, IL-10 and TNF-α) (Sas et al., 2012a) and 
a longitudinal study design using a trivariate Cholesky decomposition 
model in chapter 3 (CRP) (Sas et al., 2017). In chapter 4, the shared genetic 
background of neuroticism (a well established personality trait that is 
predictive for both mental and somatic disorders) and baseline levels of 
inflammatory markers (CRP, fibrinogen, IgG) is investigated (Sas et al., 2014). 
In chapters 5 and 6 we change to a more general perspective; instead of 
investigating underlying mechanisms through inflammatory biomarkers of 
ageing, we introduce the hypothesis that mathematical models describing 
survivorship (or mortality) data (in this context Gompertz’ law was used) 
represent a biological “law of ageing” (Sas et al., 2012b, Sas & Korf, 2018 (to 
be published). In chapter 7 we conclude with a general discussion and some 
implications of our findings.

Detailed content of the thesis

In chapter 2, the relative influence of genetic and environmental factors 
on four key cytokines involved in the human immune response (IL-1β, IL-
6, IL-10 and TNF-α) is assessed. In addition, the role of age as a possible 
moderator on these influences was evaluated. The study was conducted in 
1,603 females from the Twins UK registry, including 863 monozygotic twins 
(385 pairs and 93 singletons) and 740 dizygotic twins (321 pairs and 98 
singletons). Heritability was estimated using Structural Equation Modeling. 

The role of age as a moderator was evaluated using gene-age interaction 
models (Sas et al., 2012a). We tested the hypotheses that (1) genetic (rather 
then environmental) factors are more important in the regulation of baseline 
cytokine levels and that (2) these factors are influenced (moderated) by age.

In chapter 3 we investigated the stability of genetic and environmental 
factors influencing serum CRP levels with advancing age. A maximum 
of 6,201 female twins from the TwinsUK registry with up to three CRP 
measurements over a 10 year follow up period were included in this study. 
A trivariate path model (Cholesky decomposition) was used, estimating the 
heritability of CRP at different times of measurement as well as the genetic 
correlation between different time points, giving an estimation of the 
stability of genetic and environmental influences with advancing age (Sas 
et al., 2017). We will defend the hypothesis that the genetic factors remain 
largely stable over time (with advancing age).

Neuroticism is an important marker of vulnerability for both mental and 
physical disorders, e.g. anxiety, depression, atopic eczema, cardiovascular 
disease and (ultimately) mortality, which in general are the same mental 
and physical disorders as related to inflammatory markers. In chapter 
4, the phenotypic and genetic relationship between neuroticism and 
three commonly used inflammatory markers (CRP, fibrinogen and IgG) 
is determined. The study was conducted in 125 Dutch female twin pairs. 
For each participant, four different neuroticism scores and serum levels of 
the abovementioned inflammatory markers were available. Heritabilities, 
phenotypic and genetic correlations were estimated using bivariate 
structural equation modeling (Sas et al., 2014). We tested the hypothesis that, 
considering their similar effect on health and apparently ageing, phenotypic 
and genetic correlations must be significant between neuroticism and the 
aforementioned inflammatory markers.

In chapters 5 and 6, we argue that Gompertz’ demographic law on survivorship 
can be used as a simple and generally applicable “law of ageing”, by applying 
the principle of ergodicity. In this context, a (cross-sectional) population 
survival curve hypothetically reflects the longitudinal ageing process in a 
single, average organism of that population. This hypothesis was illustrated 
with quantitative analyses of human survivorship data of different types of 
cancer patients and the entire Dutch population and of a variety of other 
organisms: mice under caloric restriction, male and female houseflies (Musca 
domestica) fed with a variety of diets, male and female West-Indian fruit 
flies (Anastrepha obliqua) and male and female wasps (Diachasmimorpha 
longicaudata) (Sas et al., 2012b, Sas & Korf, 2018 (to be published)).

Finally, I will integrate and discuss all research findings, strengths 
and shortcomings of the studies as well as (clinical) implications and 
recommendations for further research in the general discussion. 
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a b s t r a c t

Previous epidemiologic studies have evaluated the use of immunological markers as possible tools for
measuring ageing and predicting age-related pathology. The importance of both genetic and environmen-
tal influences in regulation of these markers has been emphasized. In order to further evaluate this rela-
tionship, the present study aims to investigate the relative influence of genetic and environmental factors
on four key cytokines involved in the human immune response (Interleukin (IL)-1b, IL-6, IL-10 and Tumor
Necrosis Factor (TNF)-a). In addition, the role of age as a possible moderator on these influences was eval-
uated.
Methods: The study was conducted in 1603 females from the Twins UK registry, with mean age ±SD of
60.4 ± 12.2 years, including 863 monozygotic twins (385 pairs and 93 singletons) and 740 dizygotic twins
(321 pairs and 98 singletons). Heritability was estimated using structural equation modeling. The role of
age as a moderator was evaluated using gene-age interaction models.
Results: Heritabilities were moderate for IL-1b (range: 0.27–0.32) and IL-10 (0.30) and low for IL-6
(range: 0.15–0.16) and TNF-a (range: 0.17–0.23). For IL-1b, heritability declineswith age due to an increase
in unique environmental factors. For TNF-a, heritability increases with age due to a decrease in unique
environmental factors.
Conclusion: The current findings illustrate the importance of genetic and environmental influences on four
cytokines involved in the human immune response. For two of these there is evidence that heritability
changes with age owing to changes in environmental factors unique to the individual.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

With a growing number of elderly in modern society, under-
standing ageing and age-related pathology is an increasingly
important issue for current and future healthcare initiatives.
Although the role of genetic [1] and environmental factors [2]
influencing ageing are appreciated, the precise molecular and cel-
lular mechanisms involved are still unclear [3].

The use of biochemical biomarkers for measuring ageing has
been evaluated, in an attempt to identify individuals who are more
prone to age-related pathology. In this context, it has been demon-

strated that ageing is known to be associated with a low grade ele-
vation of inflammatory factors, attributed to the dysregulation of
immune and inflammatory pathways with ageing [4–7]. In accor-
dance with these findings, it has been demonstrated that chronic
inflammation predisposes to long-term morbidity and mortality
from many chronic, age-related diseases (such as chronic pulmon-
ary cardiovascular disease [8–11].

The synthesis and regulation of serum levels of inflammatory
factors has been extensively studied, showing the significance of
both environmental and genetic influences in this process [12–
15]. The findings on the magnitude of genetic influences (heritabil-
ity) are very inconsistent however, possibly due to relatively small
sample sizes used. Furthermore, there are no studies which have
evaluated the changes in environmental and genetic processes
with age, in order to investigate the origin of the dysregulation
of immune and inflammatory status with advancing age.

The present study aims to assess the genetic and environmental
influences on baseline serum levels of four key cytokines involved
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in the human inflammatory response, measured in a large cohort of
female twins. IL-1b is an important mediator in the inflammatory
process inducing cellular proliferation and apoptosis [16]. TNF-a
is a pro-inflammatory cytokine, regulating the acute phase re-
sponse. Dysregulation of TNF-a production has been linked to can-
cer, which is among the most important causes of (age-related)
deaths in Western Europe [17]. IL-6 is the major initiator of the
acute phase response [18] and is implicated in the pathogenesis
of many chronic, age-related diseases [19]. IL-10 is able to inhibit
activation and effector function of T cells, monocytes and macro-
phages and is an important candidate in the search for biomarkers
of ageing due to its anti-inflammatory properties [20,21].

We carried out a classical twin study. In addition, we investi-
gated whether age moderated the influence of genetic and envi-
ronmental factors regulating baseline IL-1b, IL-6, IL-10 and TNF-a
levels.

2. Methods

2.1. Subjects

The study was conducted in 1603 females from the Twins UK
registry, with mean age ± SD of 60.4 ± 12.2 years, including 863
MZ twins (385 pairs and 93 singletons) and 740 DZ twins
(321 pairs and 98 singletons). Details of the Twins UK registry
(including details on recruitment) were published elsewhere
[22]. Zygosity was determined by questionnaire supplemented by
DNA fingerprinting in cases with disputed or uncertain zygosity.

2.2. Sample analysis

Serum IL-1b, IL-10, IL-6 and TNF-a were measured simulta-
neously using the bead-based high sensitivity human cytokine
kit (HSCYTO-60SK, Linco-Millipore) according to the manufactur-
ers’ protocol. Briefly, fifty microliters (mL) of serum samples
were incubated with antibody-coated capture beads overnight
at 4 �C. After washing the beads, protein-specific biotinylated
detector antibodies are added and incubated with the beads
for one hour. After removal of excess biotinylated antibodies,
streptavidin–Phycoerythrin (Streptavidin-PE) is added and incu-
bated for 30 min. After washing of unbound Streptavidin-PE,
the beads are analyzed on the Luminex-100 system (LiquiChip,
Qiagen) Concentrations of the four cytokines were calculated
from standard curves of known concentrations of recombinant
human cytokines. Each sample was assayed in duplicate and
standards were included in each plate. Sensitivity values for
the kit are: IL-1ß 0.06 pg/mL; IL-10 0.15 pg/mL; IL-6 0.10 pg/
mL; TNF-a 0.05 pg/mL.

2.3. Measurements and covariates

Accuracy of the measurements was confirmed by replicating
samples in order to calculate intra-assay reliabilities expressed as
intra-class correlations (104 repeats for IL-1b, 117 repeats for IL-
6, 108 repeats for IL-10 and 117 repeats for TNF-a). Intra-assay
reliability estimates for IL-1 b, IL-6, IL-10 and TNF-a were 0.78,
0.89, 0.88 and 0.76 respectively. All cytokine levels were adjusted
for potential batch-effects.

Log-transformation was necessary for all cytokines to obtain a
better approximation of the normal distribution. After log transfor-
mation, all data fell well within 4 SDs of the mean. Also, visual
inspection of scatter plots yielded no potential outliers deflating
or inflating the correlation. Therefore, no values needed to be ex-
cluded and all were included in the analysis. Next, the effect of var-
ious known covariates (risk factors for cardiovascular disease) was

tested using linear regression analysis. Covariates included in the
analysis were HDL, LDL, triglycerides and fasting blood glucose.
For the regression analysis, three models were used for each
cytokine: (1) Age, (2) Age and BMI, (3) Age, BMI and any other
significant covariates. The influence of smoking behavior, alcohol
consumption and history of cardiovascular disease (CVD) as possi-
ble covariates were tested in a small subset of the data (n = 452).
These factors did not significantly contribute as covariates (data
not shown). The residuals were used in the model fitting. General
Estimating Equations (GEEs) were used to test for difference in
baseline characteristics between MZ and DZ twins.

2.4. Analytical approach

The aims of our analysis were to estimate the relative influence
of genetic and environmental factors on IL-1b, IL-6, IL-10 and TNF-
a levels and the influence of age on these factors. Structural equa-
tion modeling (SEM) was the primary method of analysis. SEM is
based on the comparison of the variance–covariance matrices in
MZ and DZ twin pairs and allows separation of the observed phe-
notypic variance into its genetic and environmental components:
additive (A) or dominant (D) genetic components and common
(C) and unique (E) environmental components. E also contains
measurement error. Dividing each of these components by the to-
tal variance yields the different standardized components of the
variance. We focused on additive genetic effects and common
and unique environmental effects (by using ACE as the full model)
for IL-6, IL-10 and TNF-a. For IL-1b, we focused on additive genetic
effects, genetic dominance and unique environmental effects (by
using an ADE model), since its correlations among MZ twins sub-
stantially exceeded twice that among DZ twins, which indicates
dominance variance [23]. In addition, we calculated (A + C) in mod-
els were AE or CE models could not be distinguished, calculating
the presence (and magnitude) of a familial component. All avail-
able data was taken into account. Models were fitted to the raw
data using normal maximum likelihood theory, allowing the use
of information for the estimation of variance (but not covariance)
provided by unpaired twin observations.

Since regression analysis of age on cytokines (as described
above) merely reflects the estimation of the effect of age on the
mean cytokine levels, gene-age interaction models were applied
testing whether age mediated the effect on (genetic and environ-
mental) variance components underlying individual differences
of cytokine levels. We fitted the basic gene-environment interac-
tion models as described by Purcell [24], using age as a continuous
moderator incorporating all the available (complete) twin pairs.
All cytokines were adjusted for BMI and any other covariates if sig-
nificant (model 3) and their residuals used in model fitting. The ef-
fect of age on the mean cytokine levels was incorporated in the
interaction model itself (see below). In this gene-environment
interaction model (Fig. 1), the phenotypic variance of the outcome
variables (i.e., serum IL-1b, IL-6, IL-10 and TNF-a) is portioned into
A, C or D, and E components with the path coefficients associated
with each variable expressed as linear functions of the moderator
(e.g., A + T �M1, C/D + U �M1, E + V �M1), where T represents
the effects of the moderator on additive genetic variance and U
and V represents the effects of the moderator on common environ-
mental/dominant genetic and unique environmental variance,
respectively. In addition, the effect of the moderator on the mean
is also modeled (e.g., l + B �M1), where M1 represents the value
of the moderator and B represents linear effects on the outcome.
The mean structure encompasses any phenotypic correlation be-
tween age and the outcome variables. A significant compromise
of model fit when parameters T, U or V are fixed to zero reflects
evidence of significant moderation of additive genetic, common
environmental/dominant genetic or unique environmental
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variance by age, respectively. For example, a significant modera-
tion of additive genetic variance alone would suggest that the mag-
nitude of heritability of serum inflammatory factor levels changes
as the moderator increases or decreases. Variance components
were only tested for significance if the respective interaction terms
had been dropped from the model, e.g. A was not tested unless T
was not significant, to avoid modeling interactions in the absence
of main effects. In the final model, each parameter contributes sig-
nificantly to model fit (p < 0.05).

All data handling and preliminary analyses were done with
STATA (version 10.1, Statacorp, TX, USA). Quantitative genetic
modeling was carried out using Mx software [25].

3. Results

Baseline characteristics of monozygotic (MZ) and dizygotic (DZ)
twins are summarized in Table 1. Except for age, no significant dif-
ferences were observed between MZ and DZ twins. Mean age ±
standard deviation (SD) is 60.4 ± 11.1 years for MZ twins and
53.1 ± 12.2 years for DZ twins (p < 0.01) and was adjusted for in
all models. Mean Body Mass Index (BMI), Low Density Lipoprotein
(LDL), High Density Lipoprotein (HDL), triglycerides, blood glucose
levels, IL-1b, IL-6, IL-10 and TNF-a levels did not significantly differ
between MZ and DZ twins.

Twin correlations and percentage of variance explained by
covariates (R2-values) are summarized in Table 2. IL-1b was only
significantly influenced by LDL (p < 0.01). IL-6 and IL-10 were
significantly influenced by BMI (p < 0.01). TNF-a was significantly
influenced by BMI (p < 0.01) and HDL (p < 0.01).

In Table 3, the contribution of the variance components on the
various cytokines are summarized. In virtually all cytokines, the
best fitting model was an AE-model, indicating the presence of
an additive genetic component in the variance of baseline serum
values. For IL-1b, AE was the best fitting model for all 3 covariate
models. Heritability is moderate, 0.32, 0.32 and 0.27 for model 1,
2 and 3 respectively. Heritability of IL-10 was also moderate;
0.30 in both covariate models. Heritabilities for TNF-a were low,
ranging from 0.17–0.23 depending on the covariate model used.
Structural equation modeling could not distinguish between an
AE and a CE-model in model 2 and 3. However, we found a signif-
icant contribution of the A + C component, which indicates a signif-
icant familial effect (A + C (95% CI) is 0.22 (0.10–0.33), 0.20 (0.09–
0.31) and 0.15 (0.04–0.28) for covariate model 1, 2 and 3 respec-
tively). For IL-6, no distinction could be made between AE or CE
models based on P-value or AIC also. Again, we found a significant
contribution of the A + C component, which indicates a significant
familial effect (A + C (95% CI) is 0.29 (0.20–0.38) for both models).
Heritability is low, ranging from 0.15–0.16 depending on the mod-
el used. For IL-1b and IL-10, the full model indicated the presence
of a Dominant genetic factor. However, this contribution of D did
not reach significance.

In Table 4, the results of the gene-age interaction modeling is
presented, testing age as a continuous moderator of the variance
components for all cytokines. No evidence of gene-age interaction
was found for IL-6 and IL-10. For IL-1b, a decline in heritability
with age was observed (Fig. 2a). Heritability is approximately
0.43 at age 20 and 0.22 at age 70, caused by an increase in the un-
ique environmental influences with age (p < 0.01), total variance
increased with age (Fig. 2b). For TNF-a, an increase in heritability
with advancing age was observed (Fig. 3a). Heritability is below
0.10 at age 20 and approximately 0.17 at age 70, caused by a
decrease in unique environmental influences with age (p < 0.01),
total variance decreased with age (Fig. 3b). SEM-analysis after
stratification of the data (individuals below and above the median
of age) provided similar (but non-significant) results regarding the
trend of heritabilities displayed in Figs. 2b and 3b. Heritabilities
(95% CI) in younger individuals (<62 years of age) were 0.31

Fig. 1. Partial path diagram of the basic gene-environment interaction model.
A = additive genetic effects; C = common environmental effects; E = unique envi-
ronmental effects; M = moderator; T = moderated component of A; U = moderated
component of C; V = moderated component of E; B = linear effects of moderator on
mean (forced entry).

Table 1
General characteristics and cytokine levels of studied subjects by zygosity.

MZ (n = 863) DZ (n = 740)

Age (years) 60.4 (11.1) 53.1 (12.2)*

BMI (kg/m2) 25.8 (4.7) 26.4 (5.1)
HDL cholesterol (mmol/L) 1.5 (0.5) 1.6 (0.5)
LDL cholesterol (mmol/L) 3.5 (1.0) 3.4 (1.0)
Blood glucose (mmol/L) 4.8 (1.0) 4.8 (1.2)
IL-1b (pg/L) 6.1 (8.4) 5.6 (7.4)
IL-6 (pg/L) 29.5 (29.3) 29.9 (44.9)
IL-10 (pg/L) 51.8 (82.7) 53.8 (102.0)
TNF-a (pg/L) 8.3 (9.1) 8.2 (6.0)

Abbreviations: BMI, Body Mass Index; HDL, High-density lipoprotein; LDL, Low-
density lipoprotein; IL, Interleukin; TNF, Tumor Necrosis Factor. Data are mean
(±SD).
* p = 0.01.

Table 2
R2 values and twin correlations for IL-1b, IL-6, IL-10 and TNF-a.

Marker Model R2 Correlations (95% CI)

(%) MZ DZ

IL-1b 1 Age 0.00 0.36 (0.27–0.45) 0.05 (0.00–0.17)
(n = 355 pairs) (n = 277 pairs)

2 Age 0.00 0.36 (0.27–0.45) 0.05 (0.00–0.17)
BMI (n = 355 pairs) (n = 277 pairs)

3 Age 0.44 0.28 (0.18–0.39) 0.08 (0.00–0.21)
BMI (n = 286 pairs) (n = 247 pairs)
LDL

IL-6 1 Age 0.00 0.29 (0.20–0.39) 0.22 (0.12–0.33)
(n = 348 pairs) (n = 295 pairs)

2 Age 0.06 0.29 (0.20–0.39) 0.22 (0.12–0.33)
BMI (n = 348 pairs) (n = 295 pairs)

IL-10 1 Age 0.00 0.31 (0.21–0.40) 0.07 (0.00–0.19)
(n = 349 pairs) (n = 286 pairs)

2 Age 0.07 0.31 (0.21–0.40) 0.07 (0.00–0.19)
BMI (n = 349 pairs) (n = 286 pairs)

TNF-a 1 Age 0.00 0.18 (0.08–0.28) 0.14 (0.03–0.25)
(n = 351 pairs) (n = 298 pairs)

2 Age 1.03 0.16 (0.06–0.26) 0.13 (0.02–0.24)
BMI (n = 328 pairs) (n = 321 pairs)

3 Age 2.29 0.11 (0.01–0.24) 0.11 (0.00–0.23)
BMI (n = 319 pairs) (n = 279 pairs)

HDL

Abbreviations: CI, Confidence Interval; BMI, Body Mass Index; HDL, High-density
lipoprotein; LDL, Low-density lipoprotein; IL, Interleukin; TNF, Tumor Necrosis
Factor.
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(0.11–0.49) and 0.13 (0.00–0.32) for IL1b and TNF-a, respectively,
and 0.26 (0.14–0.37) and 0.18 (0.05–0.31) for older individuals
(P62 years of age) (data not shown).

4. Discussion

The present study assessed the genetic and environmental
sources of individual differences in baseline levels of four key cyto-
kines involved in the human inflammatory response with potential
relevance for ageing pathways. We also incorporated age in the
‘‘fully adjusted’’ models as a potential moderator of genetic and
environmental factors.

We were able to demonstrate the presence of a significant addi-
tive genetic component in the regulation of baseline serum levels
of IL-1b, IL-6, IL-10 and TNF-a in female twins. We also showed
that age acts as a moderator on the additive genetic component
in regulation of baseline IL-1b and TNF-a serum levels (Figs. 2
and 3); heritability changes due to a change in unique environmen-
tal factors. This indicates changes in immune status or moderation
of inflammatory pathways with age.

The present study is one of the most extensive studies of its
kind in terms of sample size, therefore providing superior power
compared to most previous studies. Still, some power issues arise.
For IL-6 and TNF-a submodel 2 and 3, no evident genetic compo-

Table 3
Parameter estimates of best fitting univariate structural equation models for IL-1b, IL-6, IL-10 and TNF- a.

Marker Model Univariate model fitting:

Best fitting model A2/A + C2 C2/D2 E2

IL-1b 1 ADE 0.12 (0.00–0.37) 0.22 (0.00–0.41) 0.65 (0.57–0.74)
1* AE 0.32 (0.24–0.41) – 0.68 (0.59–0.76)
2 ADE 0.13 (0.00–0.38) 0.22 (0.00–0.42) 0.65 (0.57–0.74)
2* AE 0.33 (0.24–0.41) – 0.68 (0.59–0.76)
3 ADE 0.19 (0.00–0.36) 0.09 (0.00–0.35) 0.72 (0.63–0.83)
3* AE 0.27 (0.17–0.36) – 0.73 (0.64–0.83)

IL-6 1 ACE 0.16 (0.00–0.38) 0.13 (0.00–0.31) 0.71 (0,62–0.80)
1 (A + C)E 0.29 (0.20–0.38) – 0.71 (0.62–0.81)
2 ACE 0.15 (0.00–0.38) 0.14 (0.00–0.31) 0.71 (0.62–0.80)
2 (A + C)E 0.29 (0.19–0.38) – 0.71 (0.62–0.81)

IL-10 1 ADE 0.16 (0.00–0.37) 0.16 (0.00–0.38) 0.68 (0.59–0.78)
1* AE 0.30 (0.20–0.38) – 0.70 (0.62–0.80)
2 ADE 0.16 (0.00–0.36) 0.16 (0.00–0.39) 0.68 (0.60–0.78)
2* AE 0.30 (0.20–0.38) – 0.70 (0.62–0.80)

TNF-a 1 ACE 0.17 (0.00–0.33) 0.05 (0.00–0.24) 0.78 (0.67–0.90)
1* AE 0.23 (0.12–0.33) – 0.77 (0.67–0.88)
1 (A + C)E 0.22 (0.10–0.33) – 0.78 (0.67–0.90)
2 ACE 0.15 (0.00–0.31) 0.05 (0.00–0.23) 0.80 (0.69–0.91)
2* AE 0.21 (0.11–0.32) – 0.79 (0.68–0.90)
2 (A + C)E 0.20 (0.09–0.31) – 0.80 (0.69–0.91)
3 ACE 0.09 (0.00–0.28) 0.06 (0.00–0.21) 0.85 (0.72–0.96)
3* AE 0.17 (0.05–0.28) – 0.83 (0.72–0.95)
3 (A + C)E 0.15 (0.04–0.28) – 0.85 (0.72–0.96)

Abbreviations: A2, Additive genetic components; C2, Shared environmental components; D2, Dominant genetic components; E2, Unique environmental component.
* Best-fitting model according to SEM. Covariance models are defined in Table 2.

Table 4
Comparative model fits for age as a continuous moderator on IL-1b, IL-6, IL-10 and TNF-alpha. Bold values indicate best fitting models.

Marker Model Univariate model fitting

Model �2LL D2LL Ddf P AIC Model test

IL-1b 1 ADETUVB 2944.66 – – – – –
2 ADEB 2961.24 16.58 3 <0.01 – 2 vs. 1
3 ADETVB 2945.32 0.66 1 0.42 �1.34 3 vs. 1
4 AETVB 2946.89 2.22 2 0.33 �1.78 4 vs. 1
5 AEVB 2949.24 4.58 3 0.21 �1.42 5 vs. 1

IL-6 1 ACETUVB 2997.89 – – – – –
2 ACEB 3002.00 4.11 3 0.25 �1.89 2 vs. 1

IL-10 1 ACETUVB 3858.36 – – – – –
2 ACEB 3860.72 2.37 3 0.50 �3.63 2 vs. 1
3 AEB 3860.72 2.37 4 0.67 �5.63 3 vs. 1

TNF-a 1 ACETUVB 1563.17 – – – – –
2 ACEB 1582.86 19.69 3 <0.01 – 2 vs. 1
3 ACETVB 1564.01 0.83 1 0.36 �1.17 3 vs. 1
4 AETVB 1564.52 1.35 2 0.51 �2.65 4 vs. 1
5 AEVB 1564.63 1.455 3 0.69 �4.55 5 vs. 1

Abbreviations: �2LL, �2-log likelihood; A, additive genetic variance; AIC, Akaike’s Information Criterion; B, linear effects of age on means of the outcome variables; BMI, Body
Mass Index; C, common environmental variance; df, degrees of freedom; E, unique environmental variance; T, moderation of additive genetic variance by age; U, moderation
of common environmental variance by age; V, moderation of unique environmental variance by age.
First, a model was tested with NO moderators included (model 2). When model 2 significantly differs from model 1, this implies moderation. Subsequently, submodels are
tested, dropping each of the moderators (T, U and V (models 3, 4 and 5) and the best-fitting option is chosen (according to P-value and AIC).
Cytokines were adjusted for age and any additional significant covariates. The effect of age on the mean cytokine levels was incorporated in the models (Fig. 1).
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nent was observed as SEM could not distinguish between a CE and
AE model. However, analysis of the A + C component in these mod-
els suggest the presence of a significant contribution of a familial
component. The full (ACE) model reported, indicates a substantial
lower heritability as was observed in some (but not all) of the pre-
vious studies on IL-6 [14,15,26–28].

A limitation of the present study, is that it cannot distinguish
between age, birth-cohort effects and calendar time effects. This
is a known limitation for these kind of studies (due to their
cross-sectional design). Longitudinal studies would be necessary
to address these issues.

In the present study, behavioral covariates like smoking behav-
ior, alcohol consumption and physical exercise were not taken into
account as potential covariates. Though significant associations
between these covariates and immunological traits have been
demonstrated in the past, no significant contributions of these
covariates to baseline serum levels of the studied cytokines were
observed. Regression analysis in a subset of the individuals where
data on smoking behavior, alcohol consumption and history of
Cardiovascular disease (CVD) (including cerebro-vascular acci-
dents) was available (n = 425) yielded no significance of these
covariates.

We did not observe a significant relationship (or R2-values) be-
tween age and cytokine levels in the current study, in contrast to
other studies. A possible explanation for this is that strict adjust-
ment for batch effect as applied by us may have removed some
of the association between mean cytokines values and age as a re-
sult of some imbalance of the age distribution across batches. This
has no impact on the results and conclusions drawn however, since
a lack of effect of age on the mean values does not imply a lack of
effect on the variance components.

An important difference with previous studies is the inclusion
of IL-1b and IL-10 in the analysis. No heritabilities on baseline ser-
um levels of these cytokines have been published to date; we are
the first to demonstrate genetic influences in the regulation of
these baseline serum values. The reason for including IL-10 in par-
ticular, is the association of anti-inflammatory cytokines with
healthy ageing and longevity. The principal routine function of
IL-10 appears to be to limit and ultimately terminate inflammatory
responses, which hypothetically offers ‘protection’ against various
age-related pathologies [20,21].

An interesting feature of our study is that we are the first to
showmoderation of unique environmental influences in regulation
of baseline IL-1b and TNF-a by age. For IL-1b, this may be a direct
effect of an increasing importance of unique environment during
life (e.g. habits, social network, and environment), leading to a de-
crease in heritability over life. On the other hand, it may also rep-
resent increasing homeostatic discordance (in terms of ‘internal
environment’) between twins. The latter seems more plausible,
as it is difficult to envision a lifelong increase in discordance in
the ‘‘physical’’ unique environment (e.g. lifestyle) causing a lifelong
decrease in heritability of this inflammatory cytokine.

For TNF-a, heritability increases with age due to a decreasing
discordance in unique environmental factors. No solid explanation
can be given for this phenomenon, but it is clear that genetic fac-
tors become more important in regulation of TNF-a during life.

Analyzing heritabilities calculated with SEM in a stratified
(younger and older individuals) analysis provided a similar trend
but no significant differences in heritabilities for IL-1b and TNF-
alpha as observed in Figs. 2b and 3b. We conclude from these
results that a stratified SEM-analysis is probably less powerful than
the GxE model used in the present paper, which is applied over the
entire age range.

The present study shows evidence of a substantial role for
genetics in the regulation of baseline cytokine levels. Moreover,
we emphasize the importance of (changing) environmental factors

Fig. 2. (a) Change of heritability of IL-1b with increasing age. (b) Changes in
variance components A and E and total variance for IL1b with increasing age.

Fig. 3. (a) Change of heritability of TNF-a with increasing age. (b) Changes in
variance components A, E and Total variance for TNF-a with increasing age.
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(i.e. ‘‘internal environment’’) during life, hypothetically causing a
dysregulation of inflammatory pathways during life. This implies
that a strictly genetic relationship between cytokines, genes and
pathology cannot be observed, even though there is an evident
relationship between cytokine genes and levels on the one hand
and cytokine levels and pathology on the other hand.

In conclusion, this study emphasizes the role of genetics and
environmental factors in regulation of four potential ‘biomarkers
of ageing’ that play a key role in the human immune and inflam-
matory responses. The present study supports the hypothesis that
the variety in age-related phenotypes is a combination of both
environmental factors and complex genetic pathways. Finally,
our results indicate that the relative role of genetics and environ-
ment involving immune functioning may change over a lifetime,
illustrating the potential of the studied cytokines as potential ‘bio-
markers of ageing’.
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[3] Ostojić S, Pereza N, Kapovic M. A current genetic and epigenetic view on
human aging mechanisms. Coll Antropol 2009;33:687–99.

[4] Franceschi C, Bonafè M, Valensin S, Olivieri F, De Luca M, Ottaviani E, et al. An
evolutionary perspective on immunosenescence. Ann NY Acad Sci
2000;908:244–54.

[5] Franceschi C, Capri M, Monti D, Giunta S, Olivieri F, Sevini F, et al.
Inflammaging and anti-inflammaging: a systemic perspective on aging and
longevity emerged from studies in humans. Mech Ageing Dev
2007;128:92–105.

[6] Vasto S, Candore G, Balistreri CR, Caruso M, Colonna-Romano G, Grimaldi MP,
et al. Inflammatory networks in ageing, age-related diseases and longevity.
Mech Ageing Dev 2007;128:83–91.

[7] Pawelec G, Effros RB, Caruso C, Remarque E, Barnett Y, Solana R. T-cells and
aging. Front Biosci 1999;4:216–69 [update February 1999].

[8] Bruunsgaard H, Pedersen M, Pedersen BK. Aging and pro-inflammatory
cytokines. Curr Opin Hematol 2001;8:131–6.

[9] Schnabel RB, Lunetta KL, Larson MG, Dupuis J, Lipinska I, Rong J, et al. The
relation of genetic and environmental factors to systemic inflammatory
biomarker concentrations. Circ Cardiovasc Genet 2009;2:229–37.

[10] Danesh J, Collins R, Appleby P, Peto L. Association of fibrinogen, C-reactive
protein, albumin, or leukocyte count with coronary heart disease: meta-
analyses of prospective studies. JAMA 1998;279:1477–82.

[11] Luc G, Bard JM, Juhan-Vague I, Ferrieres J, Evans A, Amouyel P, et al. PRIME
study group. C-reactive protein, interleukin-6, and fibrinogen as predictors of
coronary heart disease: the PRIME study. Arterioscler Thromb Vasc Biol
2003;23:1255–61.

[12] Pantsulaia I, Trofimov S, Kobyliansky E, Livshits G. Genetic and environmental
influences on IL-6 and TNF-a plasma levels in apparently healthy general
population. Cytokine 2002;19:138–46.

[13] Rahman I, Bennet AM, Pedersen NL, de Faire U, Svensson P, Magnusson PK.
Genetic dominance influences blood biomarker levels in a sample of 12,000
Swedish elderly twins. Twin Res Hum Gen 2009;12:286–94.

[14] Su S, Miller AH, Snieder H, Bremner JD, Ritchie J, Maisano C, et al. Common
genetic contributions to depressive symptoms and inflammatory markers in
middle-aged men: the twins heart study. Psychosom Med 2009;71:152–8.

[15] De Maat MP, Bladbjerg EM, Hjelmborg JB, Bathum L, Jespersen J, Christensen K.
Genetic influence on inflammation variables in the elderly. Arterioscl Tromb
Vasc Biol 2004;24:2168–73.

[16] Dinarello CA. Biologic basis for Interleukin-1 in disease. Blood
1996;87:2095–147.

[17] Locksley RM, Killeen N, Lenardo MJ. The TNF and TNF receptor superfamilies:
integrating mammalian biology. Cell 2001;104:487–501.

[18] Gauldie J, Richards C, Northemann W, Fey G, Baumann H. IFNB2/BSF2/IL-6 is
the monocyte-derived HSF that regulates receptorspecific acute phase gene
regulation in hepatocytes. Ann NY Acad Sci 1989;557:46–59.

[19] Jylhä M, Paavilainen P, Lehtimäki T, Goebeler S, Karhunen PJ, Hervonen A, et al.
Interleukin-1 receptor antagonists, Interleukin-6, and C-reactive protein as
predictors of mortality in nonagenarians: the Vitality 90+ study. J Gerontol
2007;9:1016–21.

[20] Lio D, Scola L, Crivello A, Colonna-Romano G, Candore G, Bonafè M, et al.
Gender-specific association between -1082 IL-10 promoter polymorphism and
longevity. Genes Immun 2001;3:30–3.

[21] Moore KW, De Waal Malefyt R, Coffman RL, O’Garra A. Interleukin 10 and the
interleukin receptor. Annu Rev Immunol 2001;19:683–765.

[22] Spector TD, Williams FMK. The UK adult twin registry (TwinsUK). Twin Res
Human Gene 2006;9:899–906.

[23] Neale MC, Cardon LR. Methodology for genetic studies in twins and
families. Dordrecht: Kluwer Academic; 1992.

[24] Purcell S. Variance components models for gene-environment interaction in
twin analysis. Twin Res 2002;5:554–71.

[25] Neale MC, Boker SM, Xie G, Maes HH. Mx: statistical
modeling. Richmond: Virginia Commonwealth University; 1999.

[26] Su S, Snieder H, Miller AH, Ritchie J, Bremner JD, Goldberg J, et al. Genetic and
environmental influences on systemic markers of inflammation in middle-
aged male twins. Atherosclerosis 2008;200:213–20.

[27] Wörns MA, Victor A, Galle PR, Höhler T. Genetic and environmental
contributions to plasma C-reactive protein and interleukin-6 levels–a study
in twins. Genes Immun 2006;7:600–5.

[28] Dupuis J, Larson MG, Vasan RS, Massaro JM, Wilson PW, Lipinska I, et al.
Genome scan of systemic biomarkers of vascular inflammation in the
Framingham Heart Study: evidence for susceptibility loci on 1q.
Atherosclerosis 2005;182:307–14.

A.A. Sas et al. / Cytokine 60 (2012) 108–113 113



28 29

Pu
bl

is
he

d 
in

 A
th

er
os

cl
er

os
is

, 2
01

7

Chapter 3

Genetic and 
environmental influences 
on stability and change 

in baseline levels of 
C-reactive protein: A 

longitudinal twin study

Scan this QR code to read the published article online.



30 31

Pu
bl

is
he

d 
in

 A
th

er
os

cl
er

os
is

, 2
01

7

Genetic and environmental influences on stability and change in
baseline levels of C-reactive protein: A longitudinal twin study

Arthur A. Sas, MD a, 1, Ahmad Vaez a, b, 1, Yalda Jamshidi c, Ilja M. Nolte a, Zoha Kamali d,
Timothy D. Spector e, Harri€ette Riese f, Harold Snieder a, *

a Department of Epidemiology, University of Groningen, University Medical Center Groningen, PO Box 30001, 9700 RB, Groningen, The Netherlands
b Research Institute for Primordial Prevention of Non-Communicable Disease, Isfahan University of Medical Sciences, Isfahan, Iran
c Cardiogenetics Lab, Human Genetics Research Center, St. George's University of London, London SW17 0RE, United Kingdom
d Department of Genetics and Molecular Biology, Isfahan University of Medical Sciences, Isfahan, Iran
e Department of Twin Research & Genetic Epidemiology, King's College, St. Thomas Campus, London SE1 7EH, United Kingdom
f Interdisciplinary Center Psychopathology and Emotion Regulation, Department of Psychiatry, University of Groningen, University Medical Center
Groningen, CC72, PO Box 30001, 9700 RB, Groningen, The Netherlands

a r t i c l e i n f o

Article history:
Received 17 January 2017
Received in revised form
27 July 2017
Accepted 17 August 2017
Available online 31 August 2017

Keywords:
Aging
Longitudinal
Twins
Heritability
C-reactive protein

a b s t r a c t

Background and aims: Cross-sectional twin and family studies report a moderate heritability of baseline
levels of C-reactive protein (CRP), ranging from 0.10 to 0.65 for different age ranges. Here, we investigated
the stability and relative impact of genetic and environmental factors underlying serum levels of CRP,
using a longitudinal classical twin design.
Methods: A maximum of 6201 female twins from the TwinsUK registry with up to three CRP mea-
surements (i.e. visit 1 [V1], visit 2 [V2] and visit 3 [V3]) over a 10-year follow-up period were included in
this study. Structural equation modeling was applied to dissect the observed phenotypic variance into its
genetic and environmental components. To estimate the heritability of CRP as well as its genetic and
environmental correlations across different time points, a trivariate model was used.
Results: Natural log (ln) CRP levels significantly increased from V1 to V2 (p¼4.4 � 10�25) and between V1
and V3 (p¼1.2 � 10�15), but not between V2 and V3. The median (IQR) follow-up time between V1 and
V3 was 9.58 (8.00e10.46) years. Heritability estimates for CRP were around 50% and constant over time
(0.46e0.52). Additionally, adjustment for BMI did not meaningfully change the heritability estimates
(0.49e0.51). The genetic correlations between visits were significantly smaller than one, ranging from
0.66 to 0.85.
Conclusions: The present study provides evidence for stable heritability estimates of CRP of around 50%
with advancing age. However, between-visit genetic correlations are significantly lower than 1, indi-
cating emergence of new genetic effects on CRP levels with age.
© 2017 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The link between ageing and inflammation is well established.
Low levels of microbial exposition early in life is known to promote
the development of more competent immune pathways and reg-
ulatory processes. Such effective anti-inflammatory networks may
counterbalance proinflammatory pathways (and CRP levels) acti-
vated by chronic diseases such as obesity and atherosclerosis [1].

Furthermore, ageing is known to be associated with a gradual
dysregulation of inflammatory pathways resulting in an elevation
of inflammatory factors [2e5]. It has been demonstrated that
chronic low grade inflammation predisposes to many chronic, age-
related diseases, such as those of the pulmonary and cardiovascular
system [6e9]. We have previously demonstrated the role of age as a
moderator of the genetic and environmental influences on baseline
levels of inflammatory markers [10].

An important, well established inflammatory marker is C-reac-
tive protein (CRP). Its baseline levels are considered to reflect sys-
temic inflammation. Considering the relationship of increased
baseline CRP levels with a variety of disorders, including cancer
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[11], bipolar disorder [12], cardiovascular diseases [13e15], type 2
diabetes [16], and all-cause mortality [17], regulation of baseline
CRP levels are of particular interest. In this context, baseline CRP
levels have shown to be influenced by a variety of environmental
and genetic factors. However, their relative importance and exact
extent to which these factors account for the total variance in CRP
level remain unknown [18].

Heritability studies aim to estimate the relative influence of
heritable and environmental factors on a trait [19]. Twin and family
studies in a wide variety of populations with different age ranges
showed a moderate heritability of baseline CRP levels, with heri-
tability estimates ranging from 0.10 to 0.65 [20e40]
(Supplementary Table 3).

CRP levels have been shown to be fairly stable over time.
DeGoma et al. [41] analyzed serial CRPmeasures of 255 participants
to evaluate the intraindividual variability of CRP over a median
follow-up period of 4.7 years. The multivariable-adjusted intraclass
correlation coefficient (ICC) of CRP was estimated as 0.62. The
intraindividual variability of CRP was also investigated by Wu et al.
[42], using CRP levels of 56,218 Chinese adults over a two-year
follow-up time. The ICC of CRP was reported as 0.55 for men and
0.60 for women. Interestingly, the stability of CRP gradually
increased with age. However, twin and family studies mentioned
above used single CRP measurement for their heritability calcula-
tion rather than longitudinal measurements. Limited by this cross-
sectional design, heritability estimates for CRP as reported above
only provide a snapshot at one particular point in time, potentially
providing at least a partial explanation for the wide variety of
heritability estimates reported in the literature [20e40].

To the best of our knowledge, no longitudinal twin studies on
CRP levels have been conducted to date. The aim of this study was
to evaluate the heritabilities and the extent to which genetic and
environmental influences contribute to the stability or change of
CRP over time in a large population of adult females using a clas-
sical twin design, including up to three CRP measurements over a
ten-year follow-up period.

2. Material and methods

2.1. Subjects

The study was conducted in 6201 women from the Twins UK
registry. Details of the Twins UK registry have been published
before [43]. Zygosity was determined by questionnaire supple-
mented by DNA fingerprinting in cases with disputed or uncertain
zygosity. CRPmeasurement follow-upwas performed up to 3 times,
giving 6201 measurements in visit 1 (1457 monozygotic (MZ) pairs,
1584 dizygotic (DZ) pairs and 119 singletons), 2251 measurements
in visit 2 (452 MZ-pairs, 632 DZ-pairs and 83 singletons) and 528
measurements in visit 3 (139 MZ-pairs, 112 DZ-pairs and 26
singletons).

2.2. C-reactive protein analysis

High sensitive CRP was measured by latex-enhanced nephe-
lometry on a Siemens (formally Behring) Prospec Nephelometer.
The intra-assay precision expressed as coefficient of variation (CV)
of this method is around 3.5% CV at 1.5 mg/l and 3.1% at 12mg/l and
is expected to be <2% CV across the linear range of the assay.

2.3. Analytical approach

Natural log (ln) transformation was necessary for the CRP data
to obtain a better approximation of the normal distribution. Sec-
ondly, lnCRP was adjusted for age. This is a common procedure in

twin analyses because age can spuriously introduce a shared
environmental effect if there is a significant correlation between
the phenotype and age, because twins are always of the same age.
Next, covariate analysis was performed, testing for: current smok-
ing, body mass index (BMI), current oral contraceptive (OC) use and
current hormone replacement therapy (HRT). It was our goal to test
for a limited number of important covariates (i.e., age and BMI),
rather than a more extensive list of potential covariates with more
moderate effect sizes. This choice is unlikely to have biased our
heritability estimates, because the potential effects of these cova-
riates, in as far as they represent environmental influences, will
have ended up in the estimate of the Unique Environmental vari-
ance components E). No significant contribution to CRP variance
was found for smoking, OC and HRT (p > 0.05), the covariatemodels
used were: 1) Age and 2) Ageþ BMI. That is, lnCRP was adjusted for
age in model 1 and for both age and BMI in model 2 after which the
residuals were used in the model fitting. Models were fitted to the
raw data using normal theory maximum likelihood allowing in-
clusion of incomplete data, for example, when data were only
available in one twin of a pair or in a limited number of visits.

Linear mixed model analysis was applied in longitudinal ana-
lyses to determine whether lnCRP differed between visits while
accounting for both repeated measurements and twin relatedness
by including the twin and family identification numbers as random
effects in the model. Models with and without BMI as fixed effect
were analyzed. The same approach was also used to test for dif-
ferences in lnCRP levels between visits among those twins that
returned for a second and/or a third visit. In simple cross-sectional
analyses we used generalized estimating equations (GEE) to take
account of the relatedness between twins. For example, to evaluate
potential selective drop out over the different visits, we tested for
the difference in age, BMI and lnCRP at baseline (i.e., visit 1) be-
tween twins that returned for a second or third visit and those that
did not return using GEE. GEEwas also used to test for differences in
baseline characteristics between MZ and DZ twins.

2.4. Model fitting

Structural equation modeling (SEM) was the primary method of
analysis. SEM is based on the comparison of the variance-
covariance matrices in MZ and DZ twin pairs and allows separa-
tion of the observed phenotypic variance into its genetic and
environmental components: additive (A) or dominant (D) genetic
components and common (C) or unique (E) environmental com-
ponents, the latter also containing measurement error. The choice
to start with either D or C in the full model depends on the relation
between the MZ (rMZ) and DZ (rDZ) twin correlations. A D
component is implied if 2xrDZ < rMZ whereas a C component is
indicated if 2xrDZ > rMZ. Dividing each of these components by the
total variance yields the different standardized components of
variance. For example, the narrow sense heritability (h2) can be
defined as the proportion of the total variance attributable to ad-
ditive genetic variation [19].

For the longitudinal analysis, a trivariate SEM or path model
(also known as a Cholesky decomposition, Fig. 1) was used. With
this model we can estimate both the heritability of CRP at different
times of measurement separately, and also the genetic (rg) and
environmental (re or rc) correlations between different time points,
giving an estimation of the (in)stability of genetic and environ-
mental influences with advancing age. We can further test whether
the genes influencing CRP are the same (i.e. rg ¼ 1), partly the same
(i.e. 0 < rg < 1) or entirely different (i.e. rg ¼ 0) at different times of
measurement (and therefore different ages). If they are partly the
same, this bivariate model allows quantification of the amount of
overlap between genes influencing CRP at different ages by
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calculating the genetic correlation between the traits: rg ¼ COVA
(trait 1, trait 2)/√(VAtrait1 * VAtrait2).

Shared and unique environmental correlations can be calculated
in a similar fashion [44,45]. In order to test for differences between
twin 1 and twin 2, visits 1, 2 and 3 and differences between MZ and
DZ twins, we tested whether the means could be set equal between
different twins (twin 1 and twin 2), time points (visit 1, 2 and 3) and
zygosity groups (MZ and DZ) without a decline in model fit. A
significant decline indicates that means cannot be assumed to be
equal.

2.5. Software

All data handling and preliminary analyses were done with
STATA (version 10.1, Statacorp, TX, USA). Quantitative genetic
modeling was carried out using the Mx software package [46].

Models were fitted to the raw data using normal theory
maximum likelihood allowing inclusion of incomplete data, for
example, when data were only available in one twin of a pair or in a
limited number of visits. Using this method, Mx yields efficient
maximum likelihood estimates even in the case of missing data
through calculating twice the negative log-likelihood of the data for
each observation (i.e. twin pair) [46]. This procedure follows the
theory described by Lange et al. [47], based on the multivariate
normal probability density function of a vector of observed scores.

3. Results

In Fig. 2, the distributions of lnCRP at the three visits for all twins
combined are shown. lnCRP levels significantly increased from visit
1 (V1) to visit 2 (V2) (p¼4.4 � 10�25) and between V1 and visit 3
(V3) (p¼1.2 � 10�15), but not between V2 and V3 (p¼0.69).
Adjustment for BMI did not meaningfully change these results. The
median (IQR) follow-up time was 5.60 (2.87e7.56) years between
V1 and V2, 6.17 (4.10e7.53) between V2 and V3 and 9.58
(8.00e10.46) between V1 and V3. When limiting the analyses to
individuals who returned for all 3 visits (robustness check), results
were very similar. lnCRP levels among the 2251 “returners”
significantly increased in the interval between V1 and V2
(p¼1.8 � 10�29), and between V1 and V3 (N ¼ 528; p¼4.1 � 10�22),
but not between V2 and V3 (N ¼ 528; p¼0.62) (Supplementary

Fig. 1). Additionally adjusting lnCRP for BMI did not meaningfully
change these results.

Baseline characteristics of MZ and DZ twins for the three visits
are summarized in Table 1. Significant differences between MZ and
DZ twins exist for age (Visit 2 and 3, p < 0.01), BMI (Visit 2, p < 0.05)
and lnCRP levels (Visit 1 and 2, p < 0.05). In our twin models we
corrected lnCRP for both age and BMI.

Fig. 1. Path diagram for a bivariate model.
For clarity, only one twin is depicted. A1, A2, A3 ¼ genetic variance components; C1, C2, C3 ¼ common environmental variance components; E1, E2, E3 ¼ unique environmental
variance components; V1, V2, V3 ¼ Visit 1, 2 and 3; a11 through a33 ¼ genetic path coefficients (or factor loadings); c11 through c33 ¼ common environmental path coefficients (or
factor loadings); e11 through e33 ¼ unique environmental path coefficients (or factor loadings).

Fig. 2. Distributions of lnCRP at the three visits.
An asterix means that there is a significant difference (p < 0.05) in ln(CRP) between the
respective visits.
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Even though we optimally made use of the available follow-up
measures of CRP over a ten year period, only subsamples of twins
returned for the second and/or third visit. Those twins that
returned for a second and/or third visit were not entirely repre-
sentative of the whole sample as they were several years older, had
lower BMIs and lower levels of CRP at baseline (details are given in
Supplementary Table 2).

Table 2 shows the intraclass twin correlations and results of the
univariate SEM analysis of the two models for each of the three
visits. For all three visits and both age adjusted, and age plus BMI
adjusted lnCRP values MZ twin correlations were at least about
twice as large as the DZ correlations clearly indicating the impor-
tance of genetic effects on lnCRP. In all models and visits, an AE-
model was the best-fitting model. Heritabilities range from 0.46
to 0.52 (model 1) and 0.49e0.51 (model 2). The heritabilities
remain relatively stable over time and their confidence intervals
overlap for all visits and models.

Table 3 shows the results of the longitudinal trivariate analysis
(Cholesky decomposition). We first tested effects of twin, visit and
zygosity on themeans. For model 1, mean values of twin 1 and twin
2 could be set equal within MZ and within DZ twins, but could not
be set equal across visits and zygosity groups. For model 2, inwhich
CRPwas adjusted for BMI, themeans could additionally be set equal
across all 3 visits, but remained different betweenMZ and DZ twins
(see also Table 1). Since CRP levels between MZ and DZ twin pairs
were different we allowed the means to remain different among
zygosity groups in our statistical model to ensure that these dif-
ferences could not bias the variance component.

No evidence for a significant effect of genetic dominance was
found as the AE model fitted best for both models. Heritability
estimates for CRP were around 50% and very stable over time
(0.50e0.53). Adjustment for BMI reduced heritabilities somewhat
(0.45e0.49).

The genetic correlations between first and second (respectively
second and third) follow-up visits were 0.82 and 0.85 (model 1),
and 0.78 and 0.77 (model 2). These correlations are large, but
significantly smaller than 1, based on the non-overlapping 95% CIs
indicating the emergence of new genetic effects with age. When
comparing the first with the third visit, the genetic correlation
dropped (0.66 for model 1 and 0.55 for model 2), indicating
increasingly different genetic effects with age. Environmental cor-
relations between first and second (respectively second and third)
follow-up visits were much smaller than the genetic correlations

with estimates of 0.16 and 0.27 (model 1), and 0.15 and 0.26 (model
2). When comparing the first with the third visit, the correlation
remained the same (0.19).

As an additional sensitivity analysis we repeated the trivariate
Cholesky modeling using only returning subjects, i.e., twins that
participated in all three visits. Heritability estimates and genetic
and environmental correlations showed similar results
(Supplementary Table 1).

4. Discussion

The present study assessed the stability of genetic and envi-
ronmental influences underlying baseline CRP levels, using a lon-
gitudinal classical twin design, incorporating up to 3 follow-up
measurements over a ten-year period. We were able to demon-
strate relative stable heritabilities with advancing age of around
50%, which are in the same range as previous studies [20e40]. High
genetic correlations of 0.66e0.85 between visits indicate that genes
influencing CRP levels are mostly the same at different ages,
whereas low environmental correlations of 0.16e0.27 show that
environmental factors are largely different between visits. Genetic
correlations were significantly different from 1, however, also
indicating emergence of some new genetic effects on CRP with age.

The present study is, to our knowledge, the first to assess (and
describe) the stability of genetic and environmental influences on
baseline CRP levels in a longitudinal twin study. The longitudinal
design, with the long follow-up time of up to 10 years, and the
relatively large sample size provided more statistical power and
methodological opportunities compared to previous smaller, cross-
sectional studies. We did not find evidence for genetic dominance,
however, in contrast to some previous cross-sectional twin studies
that also had large sample sizes [37,39].

A limitation of the present study, however, is that our conclu-
sions are not generalizable to men, or subjects with diseases since
only data on relatively healthy womenwas assessed. The benefit of
this homogenous sample, on the other hand, is that the results
cannot be confounded by gender or disease since these covariates
have previously been shown to have significant effects [48].

Even though we optimally made use of the available follow-up
measures of CRP over a ten-year period, only subsamples of twins
returned for the second and/or third visits. However, the Mx soft-
ware package is capable of handling missing data by obtaining
maximum likelihood estimates and takes advantage of including all
available data rather than complete cases only [46]. Furthermore, a
sensitivity analysis including only twins for which CRP data was
available for all three visits yielded similar findings. As such, we
believe it is unlikely that the differences between returning and
non-returning twins will have translated into major biases in our
model fitting parameter estimates.

An interesting feature of our study, as mentioned above, is that
we are the first to demonstrate relative stable heritabilities over
time in a longitudinal design, even though the CRP levels itself do
not seem stable (higher CRP-levels are described with advancing
age) [2e5]. The present results show that the increase in CRP levels
off between V2 and V3 and partial differences in gene repertoire
may well be responsible for this. However, the aim of the present
study was to describe stability and change of (co)variance patterns
over time in terms of changes in underlying genetic and environ-
mental variance components rather than explaining trends in
mean-CRP-levels over time. As such, further biological explanations
of this age trend in mean CRP remain speculative.

It has been hypothesized before that increased CRP levels with
age may result from increases in “low grade, systemic, chronic
inflammation” (due to atherosclerosis for example) [2e5]. Based on
our previous findings [10], one may have expected an increasingly

Table 1
General characteristics of twins by zygosity and visit number.

MZ DZ p-value

N Age (years) N Age (years)

Visit 1 2955 49.1 ± 13.4 3246 48.3 ± 12.4 ns
Visit 2 934 57.9 ± 10.1 1317 56.0 ± 10.3 <0.01
Visit 3 292 65.6 ± 8.1 236 61.4 ± 9.7 <0.01

N BMI (kg/m2) N BMI (kg/m2)

Visit 1 2955 25.4 ± 4.6 3246 25.6 ± 4.7 ns
Visit 2 934 25.7 ± 4.2 1317 26.3 ± 4.8 <0.05
Visit 3 292 26.1 ± 4.2 236 26.3 ± 4.4 ns

N CRP (mg/L) N CRP (mg/L)

Visit 1 2955 1.20 (0.48e3.15) 3246 1.44 (0.58e3.47) <0.05
Visit 2 934 1.45 (0.68e3.39) 1317 1.61 (0.72e3.89) <0.05
Visit 3 292 1.54 (0.73e3.18) 236 1.59 (0.73e3.80) ns

Differences between MZ and DZ twins were tested using GEE with adjustment for
age (for BMI) and age and BMI (for CRP). CRP was transformed by natural logarithm
prior to analysis. BMI, bodyMass Index; CRP, C-reactive protein; DZ, dizygotic twins;
MZ, monozygotic twins; N, number of subjects; ns, not significant.
Data are given in mean ± SD for age and BMI and median (IQR) for CRP.
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important role for random (i.e., unique environmental) compo-
nents reflecting reduced homeostatic control with age in this pro-
cess. However, this was not supported by our recent findings. The
role of immunological pathways in somatic outcomes has well been
established, as mentioned before in the introduction. This is, for
example, illustrated by results on the role of microbial exposition in
early life in the development of immune pathways and regulatory
mechanisms [1], showing that a lack of exposition predisposes to
“disrupted” immunological pathways and increased risk for allergic
disorders. In this context, the relationship between
Immunoglobulin-E (IgE) and CRP would be of particular interest.
This could be investigated in a multivariate twin study assessing
the phenotypic and genetic relationship between IgE, CRP and age
similar to our recent work on the relationship between neuroti-
cism, CRP, fibrinogen, and IgG [49,50].

Genome-wide association studies (GWASs) have been able to
identify several genomic loci associated with serum levels of CRP.
These studies have used large sample sizes of adult population, but
have not compared (possibly different) genomic effects on CRP
levels with advancing age [51,52]. Our results, on the other hand,
indicate emergence of some new genetic effects on CRP with age
and hence, warrants the need to repeat large GWAS studies with
stratifying the study population for different age ranges. Post-
GWAS analyses of the abovementioned CRP GWAS results
revealed different biological processes involved in CRP metabolism
[53]. However, it is unclear whether these processes are stable with
advancing age.

The present study provides evidence of a substantial role for
genetics in the regulation of baseline CRP levels. Heritabilities are
stable with advancing age, and (more interestingly) the impact of
environmental components remains relatively stable too during
the ten years our subjects were followed. Considering the genetic
correlations were significantly smaller than 1 and reduced with
follow-up time, genes regulating CRP levels at younger ages must

be partly different from those at more advanced ages. These results
are in contrast with previous (cross-sectional) findings of other
inflammatory markers, which indicate moderation of (changing)
unique environmental factors with age in the regulation of IL-1b
and TNF-a levels [10].

In conclusion, this study emphasizes the relatively stable role of
genetics in regulation of CRP levels, emphasizing its potential as a
biomarker of ageing over other, more biologically reactive sub-
stances, in the various immunological pathways. Furthermore, the
present study highlights the importance of a combination of both
environmental factors and complex genetic pathways underlying
the ageing process. Finally, even though the quantitative role of
genetics in regulation of baseline CRP levels remained largely the
same with age, the actual genes responsible for these effects were
partly different at different ages. As such, future gene finding efforts
need to take this into account, for example through investigating
gene by age interaction effects.
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Introduction: Neuroticism is an important marker of vulnerability for both mental and physical disorders.
Its link with multiple etiological pathways has been studied before. Inflammatory markers have been
demonstrated to predict similar mental and physical disorders as neuroticism. However, currently no
study has focused on the shared genetic background of neuroticism and inflammatory markers. In the
present study we will focus on the phenotypic and genetic relationship between neuroticism and three
commonly used inflammatory markers: C-reactive protein (CRP), fibrinogen and Immunoglobulin-G (IgG).
Material and Methods: The study was conducted in 125 Dutch female twin pairs. For each participant,
four different neuroticism scores were available to calculate a neuroticism composite score that was used
in the statistical analyses. Blood samples for inflammatory marker determination were taken after an
overnight fast. Heritabilities, phenotypic and genetic correlations were estimated using bivariate structural
equation modeling. Results: Heritabilities are fair for neuroticism (0.55), CRP (0.52) and fibrinogen (0.67) and
moderate for IgG (0.43). No significant phenotypic or genetic correlations were found between neuroticism
and the inflammatory markers. Interaction models yielded no moderation of the genetic and environmental
pathways in the regulation of inflammatory markers by neuroticism. Conclusion: Substantial heritabilities
were observed for all variables. No evidence was found for significant shared (or moderation of) genetic
or environmental pathways underlying neuroticism and inflammatory status.

� Keywords: neuroticism, twins, heritability, C-reactive protein, fibrinogen, immunoglubulin-G

Neuroticism refers to a relatively stable personality trait
that is characterized by a tendency to respond with nega-
tive emotions to threat, frustration or loss (Costa & Mc-
Crae, 1987). High-neuroticism has been associated with
economic costs (Cuijpers et al., 2010) and prospectively
linked with both mental and physical disorders (Lahey,
2009). More specifically, neuroticism has been linked to
common mental disorders such as anxiety and depression
(Ormel et al., 2013b) and physical disorders such as car-
diovascular disease (Suls & Bunde, 2005), atopic eczema
(Buske-Kirschbaum et al., 2001), and ultimately, mortality
(Terracciano et al., 2008; Wilson et al., 2005).

In spite of its established association with health and
disease, only limited knowledge of the etiology of neuroti-
cism is available (Ormel et al., 2013a). In order to clarify
its biological basis, neuroticism has been previously linked
with deregulation in two major stress axis: the autonomic
nervous system, and the hypothalamic-pituitary-adrenal
(HPA) axis and other underlying biological pathways. How-
ever, in their review, Ormel and colleagues (2013) did not

review papers on the relationship between neuroticism and
deregulation of immunological mechanisms and/or inflam-
matory markers.

This is remarkable, as inflammatory markers such as
neuroticism have been linked to a variety of mental and
physical disorders (as mentioned above). More specifically,
higher levels of neuroticism have been (prospectively) as-
sociated with increased serum levels of C-reactive protein
(CRP) and interleukin (IL)-6 (McManus, 2013, Turiano
et al., 2013), as well as higher leukocyte counts (Daruna,
1996; Sutin et al., 2010). However, another study found no
evidence for a direct association between neuroticism and
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the inflammatory markers CRP, IL-6 and fibrinogen (Millar
et al., 2013). Thus, the literature on the relationship between
neuroticism and inflammatory markers is inconsistent.

To the best of our knowledge, no study has examined the
shared genetic background of neuroticism and baseline lev-
els of inflammatory markers, although neuroticism scores
and the majority of commonly used immunological mark-
ers are both found to be substantially heritable (Heath et al.,
(1989), Su et al., 2008, 2009). In order to assess these po-
tentially shared (genetic) influences, in the present study we
will investigate the phenotypic relationship between neu-
roticism and three commonly used inflammatory markers:
CRP, fibrinogen, and Immunoglobulin-G (IgG). Using a
classical twin study design, we hypothesize that the markers
are heritable, and may (partly) share their genetic influences
with neuroticism.

Material and Methods
Participants

This study is part of the Twin Interdisciplinary Neuroticism
Study (TWINS) in which the genetic and environmental
origins of neuroticism are studied. For this purpose, in 2002
(T1) the Groningen Twin Register (GTR) was established. A
full description of the sample selection and procedures has
been published before (Riese et al., 2013). In short, in 2002
(T1), 1,047 participants of the GTR participated in a survey.
The survey included, among others, a neuroticism ques-
tionnaire. From the GTR, neuroticism data of 206 female
twin pairs were used in the statistical analyses of the current
study. As gender differences in both mean level as well as
variance of neuroticism are well established, including both
men and women in our experimental sessions would have
implied that gender needed to be included as a covariate
in our statistical analyses, or statistical analysis had to be
stratified for gender. Both statistical procedures would have
resulted in less power in our statistical analyses. We there-
fore a priori decided to only include female twin pairs in
the experimental session (and repeated the measurement of
our core variable neuroticism multiple times). A subsample
of 125 female twin pairs between 18 and 30 years from the
GTR participated in TWINS in 2003/2004 (T2). TWINS
participants did not differ from the other eligible women of
the GTR, in age or neuroticism as assessed at T1. At T2, the
subgroup of 125 twin pairs participated in a laboratory ex-
periment in which additional neuroticism measures, CRP,
fibrinogen and IgG data, information about smoking habits
and oral contraceptive use were collected and body weight
and height were assessed. All participants reported to be
in good physical and mental health at T2. Zygosity was as-
sessed by questionnaire (Nichols & Bilbro, 1966), and DNA
samples. The study was approved by the Ethics Commit-
tee of the University Medical Center Groningen, and all
participants gave written consent prior to participation.

Neuroticism

At T1, neuroticism was measured with the neuroticism sub-
scale of the NEO-Five Factor Inventory (NEO-FFI) inven-
tory (Costa & McCrae, 1992, Hoekstra et al., 1996). At T2,
neuroticism was measured again in three different ways: (a)
self report using the short form of the Eysenck Personality
Questionnaire (Sanderman et al., 1991), (b) self report us-
ing the NEO-FFI inventory (Costa & McCrae, 1992, Hoek-
stra et al., 1996), and (c) co-twin report using the NEO-FFI
inventory (Costa & McCrae, 1992, Hoekstra et al., 1996)
in order to adjust for self-report bias in neuroticism (de-
scriptive data for these scales have been published previ-
ously in Riese et al., 2007). To simplify the analyses while
maximizing the usefulness of all available information, for
each individual a composite score was generated by the
LAVASE program (Campbell et al., 2007) using the correla-
tional structure of the four neuroticism scales to account for
both rater bias and zygosity misclassification of twin pairs.
Comparable models have shown a substantial decrease in
variance attributed to individual-specific environment (in-
cluding measurement error) and a proportional increase in
heritability (Kendler et al., 2002). The neuroticism compos-
ite score (Ncomp) was available for 206 female twin pairs
(115 monozygotic [MZ] and 91 dizygotic [DZ] pairs).

Biochemical Marker Measurement

Venous blood samples for inflammatory marker analysis
were collected after an overnight fast at T2. Plasma fib-
rinogen was assessed using commercially available Trombin
Reagent kits (Dade Behring, Marburg, Germany). The co-
efficient of variation (CV) range for this assay was 3.8–7.1%
(within run) and 0.0–2.4% (between run) over 8 samples,
reproduced 5 times. IgG was assessed using N antisera to
Human Immunoglubulins (Dade Behring, Marburg, Ger-
many). CV range for this assay was 1.8–3.0% (within run)
and 1.4–2.1% (between run) over 8 samples, reproduced 5
times. CRP was assessed using the CardioPhase R© hsCRP kit
(Siemens Healthcare Diagnostics inc., The Hague, Nether-
lands). CV range was 2.1–4.6% (within run) and 1.1–4.0%
(between run) over 8 samples, reproduced 5 times. The
main principle of these kits is the aggregation of the inflam-
matory marker with specific antigens in the kit, thereby
forming antigen-antibody complexes. By measuring the
scattering of a beam of light through the sample, a serum
concentration (proportional to the light scatter) can be es-
timated. All assays were performed according to the manu-
facturer’s specifications.

For 3 participants no valid blood samples were avail-
able, leaving 247 samples for statistical analyses. Of these,
11 CRP-results were below the assays detection limit
(0.16 mg/L) and therefore excluded. Additional robust-
ness analyses after imputing random values between 0 and
0.16 for these missing values gave slightly lower point es-
timates for variance components and correlations as re-
ported in the results section, but did not result in different
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Neuroticism and Inflammatory Markers

conclusions as presented in the current study. For 22 sub-
jects CRP values were above 10 mg/L. These values are
assumed to reflect clinical inflammation and were therefore
excluded from the final analysis (Rahman et al., 2009; Su
et al., 2008). Fibrinogen and IgG measurements were also
excluded for these subjects, leaving data of 214 participants
for the final statistical analyses.

Preparation of the Data

Data distributions were checked prior analyses in SPSS
(SPSS for Windows, Version 16.0. Chicago, USA).

CRP and IgG data were log-transformed to obtain a bet-
ter approximation of a normal distribution. Linear regres-
sion analysis was used to create residual scores adjusted for
potential confounding influences on inflammatory mark-
ers. Residual scores were used in the twin modeling anal-
yses. General Estimating Equations analyses were used to
test for significant differences in Ncomp-score, inflamma-
tory markers, age, and BMI, smoking and oral contraceptive
(OC) use between MZ and DZ twin pairs.

Statistical Analyses

Twin modeling. The classical twin model allows estimation
of the effects of (latent) genetic and environmental fac-
tors on the variance of an observed trait. The power to
estimate these variance components is derived by the dif-
ferential predictions of the covariance (or correlation) of
the trait among MZ and DZ twin pairs. MZ pairs corre-
late 1 for the additive genetic component (A), whereas DZ
pairs correlate 0.5, as they share, on average, only 50% of
their genes. However, both MZ and DZ pairs correlate 1
for the shared environmental component (C) and both are
uncorrelated for the unshared environmental component
(E), which also includes measurement error. Assuming that
MZ and DZ twins experience the same degree of similarity
in their environments, a higher MZ than DZ twin correla-
tion is interpreted as caused by the greater proportion of
genes shared by MZ twins allowing estimation of A. An
estimate for C is given by the difference in MZ correlation
and the estimated effect of A. The phenotypic differences
between MZ twins can only be due to E (Neale & Cardon,
1992). When measuring multiple traits in each twin, the
logic of the twin model can be extended. Significant phe-
notypic correlations between traits within twins suggest a
common etiology. Significant cross-trait cross-twin corre-
lations suggest that the common etiology is familial. The
ratio of the MZ and DZ cross-trait cross-twin correlations
indicates to what extent the common etiology is genetic or
environmental in origin: a 2:1 ratio suggests the effects of A,
whereas a 1:1 ratio suggests the effects of C. Non-significant
cross-trait cross-twin correlations suggest that the common
etiology is due to E (Neale & Cardon, 1992). Thus, when
more than one trait is measured in each twin, the model can
be extended to a multivariate case, in which the cross-trait
cross-twin correlations of the MZ and DZ pairs provide the

TABLE 1

Baseline Characteristics

MZ twins DZ twins
(n = 125) (n = 89) p value

Age, in years 23.49 (3.82) 23.54 (3.10) 0.87
BMI, in kg/m2 22.50 (3.79) 23.01 (2.92) 0.50
Smokers, n(%) 23 (18.40%) 30 (33.71%) <0.001
OC users, n(%) 90 (72.00%) 57 (64.04%) 0.04
CRP, in mg/L 2.64 (2.55) 2.51 (2.86) 0.14
Fibrinogen, in g/L 2.83 (0.42) 2.88 (0.49) 0.56
IgG, in g/L 10.34 (2.16) 10.56 (2.00) 0.47
Ncomp score∗ 0.00 (0.90) 0.00 (0.94) 0.99

Note: General characteristics of studied subjects by zygosity (mean (±SD),
unless indicated otherwise).∗ Ncomp-score was available for n = 230
MZ-twins and n = 182 DZ-twins. MZ = monozygotic; DZ = dizygotic;
BMI = body mass index; OC = oral contraceptives; CRP = C-reactive
protein; IgG = Immunoglobulin-G; Ncomp = neuroticism composite
score (see method section for details).

additional information to partition the phenotypic corre-
lation between variables within individuals into A, C and E
components. In this case, estimates are derived from a set of
bivariate ACE Cholesky decompositions (Neale & Cardon,
1992) performed in the Mx program (Neale et al., 2003).

Analyses were run three times. First, the raw inflam-
matory marker data was used for twin modeling. Second,
prior modeling, the marker data were adjusted for age. This
is a common procedure in twin analyses because age can
spuriously introduce a C effect if there is a significant cor-
relation between the phenotype and age, because twins of a
twin pair are always of the same age. Third, prior modeling,
the marker data were additionally adjusted for body mass
index (BMI), smoking habits (yes/no) and OC use. In all
models, the Ncomp score was adjusted for age. Due to the
small differences in point estimates and largely overlapping
confidence intervals between the different models, only the
results of the analyses on age-corrected data are presented.

Results
Baseline characteristics of MZ and DZ-twins are given in
Table 1. Prevalence of smoking and OC use was higher
among MZ twins compared to DZ twins. MZ and DZ twins
did not differ on age, BMI, their neuroticism scores, and
levels of the inflammatory markers CRP, fibrinogen and
IgG.

In Table 2, within-trait cross-twin correlations, pheno-
typic cross-trait (Ncomp vs. the inflammatory markers)
correlations and cross-trait cross-twin correlations (for MZ
and DZ twins separately) for neuroticism and the inflam-
matory markers are given. Point estimates of the phe-
notypic cross-trait or cross-twin cross-trait-correlations
were low and not significant (all confidence intervals in-
cluded the value zero). No phenotypic correlations were
found between Ncomp and any of the inflammatory
markers.

In the upper panel of Table 3, standardized parameter
estimates of the contribution of additive genetic, shared
environmental and unique environmental components on
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TABLE 2

Twin Correlations for the Neuroticism Composite Score and Inflammatory Markers

Within trait Cross-twin (MZ pairs) Cross-twin (DZ pairs)

Ncomp - 0.87 (0.83–0.91) 0.60 (0.46–0.70)
CRP - 0.61 (0.40–0.75) 0.36 (0.08–0.51)
Fibrinogen - 0.65 (0.48–0.77) 0.19 (-0.07–0.42)
IgG - 0.62 (0.46–0.74) 0.47 (0.17–0.66)
Cross-trait Within-twins (rph) Cross-twin (MZ pairs) Cross-twin (DZ pairs)
Ncomp — CRP -0.01 (-0.16–0.14) 0.01 (-0.14–0.16) -0.05 (-0.21–0.12)
Ncomp — Fibrinogen -0.02 (-0.16–0.13) -0.03 (-0.17–0.13) -0.09 (-0.25–0.08)
Ncomp — IgG -0.01 (-0.16–0.13) -0.03 (-0.17–0.12) -0.09 (-0.25–0.08)

Note: In the upper panel, within-trait cross-twin correlations (95% CI) for the neuroticism composite score and the
three inflammatory markers are given. In the lower panel, the phenotypic cross-trait correlations (rph), 95% CI),
and cross-trait cross-twin correlations for monozygotic and dizygotic twin pairs separately are given. Ncomp =
neuroticism composite score (see method section for details); CRP = C-reactive protein; IgG = immunoglubulin-
G; MZ = monozygotic; DZ = dizygotic.

TABLE 3

Standardized Variance Components for the Neuroticism Component Score and Inflammation
Measures and the Genetic, Shared Environment and Non-Shared Environmental Correlation
Between Them

Trait a2 c2 e2

Ncomp 0.55 (0.34–0.81) 0.33 (0.06–0.53) 0.13 (0.09–0.17)
CRP 0.52 (0.01–0.78) 0.15 (0.00–0.56) 0.33 (0.22–0.52)
Fibrinogen 0.67 (0.35–0.79) 0.02 (0.00–0.26) 0.31 (0.20–0.50)
IgG 0.43 (0.01–0.79) 0.29 (0.00–0.65) 0.28 (0.19–0.42)
Relationship ra rc re

Ncomp-CRP 0.22 (-0.30–1.00) -0.47 (-1.00–1.00) -0.11 (-1.00–1.00)
Ncomp-Fibrinogen 0.10 (-0.27–0.51) -1.00 (-1.00–1.00) 0.07 (-0.18–0.30)
Ncomp-IgG -0.18 (-1.00–0.33) 0.50 (-1.00–1.00) 0.13 (-0.11–0.34)

Note: In the upper panel, standardized parameter estimates (95% CI) of the contribution of genetic (a2), shared
environmental (c2) and non-shared environmental (e2) influences on the neuroticism composite score and
the inflammation measures are given. In the lower panel, the genetic (ra), shared environment (rc) and non-
shared environmental (re) correlations (95% CI) between the neuroticism composite score and the inflammation
measures are given. Ncomp = neuroticism composite score (see method section for details); CRP = C-reactive
protein; IgG = immunoglubulin-G; MZ = monozygotic; DZ = dizygotic.

the Ncomp score and inflammatory markers are given. Her-
itability’s are fair for Ncomp (0.55), CRP (0.52) and fib-
rinogen (0.67) and moderate for IgG (0.43). A significant
shared environmental influence (c2) of 33% on the neu-
roticism composite score was found. No significant contri-
bution of c2 was observed for the inflammatory markers.
Additional testing for genetic dominance (d2) of fibrino-
gen yielded no significant dominant effects (��2 = 0.529,
p = .47). The genetic shared environmental and non-shared
environmental correlations between Ncomp and the in-
flammatory markers were not significant (lower panel of
Table 3; all confidence intervals included the value zero).

Post-hoc fitting of interaction models in which inter-
action of neuroticism on the variance components of the
inflammatory markers was calculated (Riese et al., 2009)
yielded no significant moderation of these components by
Ncomp.

Discussion
In the present study no phenotypic or genetic correlations
between neuroticism and the inflammatory markers were
found. We observed substantial heritabilities for all traits,
which are in line with previous findings in the literature
(e.g., neuroticism: 0.43–0.59 (e.g., Rettew et al., 2006, Wray

et al., 2007), CRP: 0.22–0.76 (e.g., Su et al., 2009; Wörns
et al., 2006), and fibrinogen: 0.34–0.52 (Bladbjerg et al.,
2006; Su et al., 2008). To our knowledge, we are the first to
report on the heritability of IgG.

The lack of phenotypic correlations in the present study
is in contrast with a recent study in a large Sardinian popula-
tion of 4,923 individuals in which higher levels of IL-6 were
associated with higher scores on neuroticism (Sutin et al.,
2010). When looking at the wide 95% CIs for the point
estimates of the phenotypic correlations, we could assume
that our twin sample might have been too small to pick
up these effects as significant. The same argument might
be true for the lack of a genetic association. This is despite
assessing the key variable of our TWINS study, neuroti-
cism, four times to increase the statistical power. However,
it has been suggested that the neuroticism trait itself may be
too broad and heterogeneous, and that focusing on more
homogenous lower order facets of neuroticism (e.g., im-
pulsiveness or self-consciousness; Ormel et al., 2013a) may
have revealed existing relationships.

An alternative explanation is the potential lack of sta-
bility of the inflammatory markers as this would have had
implications for the interpretation and expectation of re-
search findings regarding its association with neuroticism.
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However, the MZ cross-twin correlations of the inflamma-
tory markers can be considered as a lower bound of the
measurement reliability within the same individual. As all
markers showed reasonably large correlations (>0.60) it is
unlikely that instability of the measurements would have
had a major effect.

On the other hand, is it plausible that the present find-
ings are realistic. Prior studies with null findings may not
have been published, possibly due to publication bias. This
is supported by a study in a population sample of 666 men
and women that found no relationship between neuroti-
cism and the inflammatory markers, CRP and fibrinogen
(Millar et al., 2013). An alternative explanation is that a
relationship between neuroticism and inflammatory mark-
ers is only present in individuals in the acute phase of a
mental disorder. This view is in line with findings in a large
sample of persons (18–65 years) with current and remitted
anxiety disorders (a disorder closely related to high neu-
roticism) and healthy controls (Vogelzangs et al., 2013). In
this study, men with a current anxiety disorder had some-
what increased levels of CRP. Moreover, elevated inflam-
mation in particular was found in those men and women
with a late onset of an anxiety disorder (between ages 50–
65).

In the present study, only data of healthy premenopausal
women were assessed. The benefit of this homogenous sam-
ple is that the results cannot be confounded by gender or a
wide age range, since these covariates have previously been
shown to have significant effects (Sutin et al., 2010). A lim-
itation of this strategy, however, is that our conclusions are
not generalizable to men, older subjects or subjects with
somatic or mental diseases.

The present study shows that in healthy young women
there is no evidence for a shared (genetic) predisposition or
the presence of possible pleiotropic effects of neuroticism
and the inflammatory markers CRP, fibrinogen and IgG,
meaning that although high neuroticism and plasma levels
of the studied inflammatory markers can lead to similar
unfavorable health outcomes, the underlying pathways for
these two risk markers should be considered as independent
of each other.
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Terracciano, A., Löckenhoff, C. E., Zonderman, A. B., Ferrucci,
L., & Costa, Jr., P. T. (2008). Personality predictors of
longevity: Activity, emotional stability, and conscientious-
ness. Psychosomatic Medicine, 70, 621–627.

Turiano, N. A., Mroczek, D. K., Moynihan, J., & Chapman,
B. P. (2013). Big 5 personality traits and interleukin-6: evi-
dence for ‘healthy neuroticism’ in a US population sample.
Brain Behavior, and Immunity, 28, 83–89.

Vogelzangs, N., Beekman, A. T., de Jonge, P., & Penninx, B. W.
(2013). Anxiety disorders and inflammation in a large adult
cohort. Translational Psychiatry, 3, e249.

Wilson, R. S., Krueger, K. R., Gu, L. P., Bienias, J. L., Mendes de
Leon, C. F., & Evans, D. A. (2005). Neuroticism, extraver-
sion, and mortality in a defined population of older persons.
Psychosomatic Medicine, 67 , 841–845.

Wörns, M. A., Victor, A., Galle, P. R., & Höhler, T. (2006). Ge-
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a b s t r a c t

We defend the hypothesis that life-spanning population survivorship curves, as described by Gompertz’
law and composed from cross-sectional data (here mortality), reflect an intrinsic aging principle active in
each subject of that population. In other words Gompertz’ law reflects aging of a prototypical subject,
provided minimal (or no) external causes of death (i.e. fatal infections, starvation, accidents).
Our approach deviates from the traditional (exponential) Gompertz’ hazard function. For instance, the

here formulated Gompertz’ law accurately describes old-age deceleration of both all-cause mortality and
the incidence of some ageing-associated cancers, as illustrated for the Dutch population. We consider the
possibility that the old-age expression and progression of cancer and other pathologies becomes sup-
pressed, because of random (and exponential) accumulation of damage during life.
Gompertz’ law may trigger new concepts and models describing life-spanning physiological and path-

ological processes of aging. We discuss (and reject) various aging models (e.g. a predominant role of indi-
vidual variations at birth; reliability theory) and point to the explanatory potential of network models
and systemic regulatory models.

� 2012 Elsevier Ltd. All rights reserved.

Introduction

Population survivorship curves are used to assess quantitative
parameters associated with aging or interventions affecting lon-
gevity [1–4]. These curves, showing all-cause mortality, cannot
be accredited to a specific pathology and might be attributed to
one or several underlying ageing processes. In a protective envi-
ronment, i.e. with little external causes of death such as severe
infections, starvation and accidents, a survivorship curve may be
considered a population-specific characteristic. The survivorship
patterns have been explained by assuming individual (often Gauss-
ian) variability in – among other – frailty, genes or defective pro-
teins [5–7]. Western human and many laboratory animal survival
curves show relatively little mortality during the first period of
live, thereafter the number of survivors shows an approximately
exponential decline, whereas mortality decelerates at advanced
age [1]. A characteristic of the human survivorship curve is its
exceptionally long period of time (almost 60 years in the Nether-
lands) with lowmortality. Old-age mortality deceleration has often
remained unnoticed and has even been questioned [8].

From a biomedical point of view the question might be asked:
given a population defined at birth, how can we understand the

mortality pattern and is it possible to define what specific aging
principle characterises the surviving individuals? In other words:
can we describe life-spanning survivorship of a population as a
biologically relevant and quantitative law? Here we consider life-
spanning population survivorship and related time-to-event
curves as cross-sectional data that reflect intrinsic time-related
processes. We discuss this conceptualization with some alternative
human survivorship models, thereby emphasizing that some mod-
els (e.g. [9–12]) do not necessarily apply to human survivorship
data. In addition, implications of our hypothesis for biomedical
research strategies, including the search for genes affecting
longevity, are discussed.

Hypothesis

We defend the hypothesis that population survivorship datasets
do not only describe life spanning survivorship pattern of a popu-
lation, but disclose an intrinsic aging principle of each subject of
that population as well. We focus on Gompertz’ survivorship law
[13,14], but do not exclude other time-to-event models. Gompertz’
law is traditionally described as an exponentially increasing hazard
function, that does not accurately describe the slowing of old-age
mortality in a population. Instead we show that the present con-
ceptualization of Gompertz’ law describes accurately old-age
deceleration of mortality. In Table 1 we present a SWOT (strengths,
weaknesses, opportunities and threats) analysis of our conceptual-
ization of Gompertz’ survivorship law.

0306-9877/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.mehy.2012.02.004
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Gompertz law

The model

We preferred Gompertz’ survivorship law, because it describes
life-spanning population survivorship curves, rather than those of
sub-populations during a relatively short life-time interval. The lat-
ter curves and analysis are relevant to estimate hazard rates in
particular cohorts, but they do not per se disclose life-spanning
mechanisms or processes underlying aging of an entire population.

The Gompertz’ hazard function [13] is among the oldest models
(1825) to explain population survivorship curves. It requires two
free parameters, less than most other models. Conventionally the
Gompertz’ law (Eq. (1)) is presented as an exponential hazard
function.

lt ¼ a:ebt ð1Þ

Here, lt is the proportional hazard rate at age t, often denoted as
‘‘force-of-mortality’’, and often expressed as the relative (e.g. per
100,000) number of deaths per unit of time (in the human popula-
tion: per year) at age t; a and b are positive constants specific for
the population in question. The so called Gompertz’ slope b is usu-
ally derived from the logarithm of Eq. (1) [(ln�l(t) = b�t + ln�a)]. All-
though describing hazard rate accurately up to about 80%
survivorship b ignores the deceleration of old-age mortality. We
will show that Gompertz’ law accurately accounts for late-age pat-
terns of mortality.

The integrated Gompertz’ equation (Eq. (2)) displays the real
number or the proportion of survivors (St) of a defined population
(S0) at birth (or adulthood), instead.

St ¼ S0ecð1�ektÞ ð2Þ

The parameters c and k are population specific; c is dimensionless.
We preferred c, over the more conventional ratio a/b (Eq. (1)),
because c is a dimensionless parameter, characteristic for the pop-

ulation, irrespective of the time units of k (per year, or month or
day). Taking S0 as 1 (unity), St is the fraction of the original popula-
tion alive at age t. From Eq. (2) the mortality rate mt is derived as
the fraction of the original population (S0) that dies per time unit:

mt ¼ Stkce
kt ð3Þ

The mortality rate increases until a maximum and decreases
thereafter [e.g. 14]. We estimated the age of inflection tad when
accelerated mortality transits into decelerated mortality, from
the derivative of Eq. (3) (=0 at tad,).

tad ¼ k�1lnc�1 ð4Þ

Often old-age deceleration of mortality has been attributed to
the decreasing number of the population during aging. Consider
for instance the possibility that the decrease of mortality was a sin-
gle exponential decline function, then there would be no point at
which mortality decelerates (inflection time/age, tad). This is in
apparent contrast with the mortality patterns of human and most
animal data sets. We illustrate the present approach with Dutch
survival and pathology data (based on more than 10 million sub-
jects) using quantitative and semi-quantitative fitting models.
The data was quantitatively fitted using Graphpad Prism 5 (non-
linear regression option) using the relative number of the popula-
tion or cohort (St/S0); the free parameters c and k are given with
confidence intervals. The semi-quantitative analyses were a com-
puter overlay procedure guided by visual inspection, and illustrate
similarities and deviance from Gompertz law in cohorts.

Dutch population

The data sets used for quantitative analysis were humans (total
Dutch population (2003) and males and females separately (1994)
[15]. The Dutch population is relatively healthy and homogeneous;
it belongs to the longest living populations of the world and its epi-
demiology is well documented. Quantitative fits (whole population,
female andmale) are shown in Fig. 1; the legends of the figure sum-
marizes the estimated free parameters. The best fitting curves
connect nearly all data points. The estimates of tad are: 86.5 years

Table 1
Gompertz’ survivorship law as an intrinsic principle of aging: strengths, weaknesses,
opportunities and threats of the hypothesis.

Strengths
Gompertz’ law relates population survivorship concepts to intrinsic

individual aging processes
Our hypothesis explains old-age deceleration of mortality
Questions biomedical relevance of single exponential hazard functions to

explain mortality
Gompertz’ law distinguishes between age and non-age related pathology
Accuracy and simplicity: Gompertz’ law requires estimation of only 2 free

parameters
Model describes quantitatively life-spanning aging principle
Model is in line with a stochastic and system-biological conceptualizations of

aging
Model provides quantitative parameters for normal and healthy aging and

the development of pathology
Model predicts that pathology emerging at advanced age is not necessarily

strongly associated with young-age characteristics

Weaknesses
Logistic, Weibull and some other models are sometimes equivalent or better

to describe functional indices or the incidence of pathology during aging
Our hypothesis does not provide specific clues for underlying (i.e. molecular,

genetic, cellular) aging processes
Our hypothesis is based in part on semi-quantitative assessments

Opportunities
Gompertz’ survivorship law invites to develop alternative testable models

(e.g. network models; systemic models)
To relate Gompertz model parameters to age-related physiological and

pathological biological processes
To develop test-systems for modelling aging processes in vivo and in vitro

Threats
Development of alternatives that explain the time-course of aging and

pathological processes more accurately

Fig. 1. Example of a quantitative Gompertz fit of survivorship data. Dutch
(male + female) population (2003). Marks are observational data; thin line is the
best fitting curve. The parameters and their confidence intervals of the best fitting
Gompertz’ model (Eq. (2)) are: c (95% confidence interval): 1.74 � 10�4 (1.54–
1.94 � 10�4), k (years�1): 0.102 � (0.100–0.104); males (1994; number 7.585.000),
parameters c 3.52 � 10�4 (3.20–3.84 � 10�4), k 9.83 � 10�2 (9.72–9.95 � 10�2);
females (1994; 7.755.000), parameters c 1.12 � 10�4 (9.41 � 10�5 � 1.30 � 10�4), k
0.105 (0.103–0.107). The life-time fitting shows deceleration of mortality at
advanced age. Dutch population (2003: males + females, about 15.000.000 sub-
jects), parameters: more details of the procedure and data are indicated in the text.
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(whole Dutch population), 80.9 years (male) and 86.6 years
(female).

Cross sectional data and ergodicity

Survivorship data and curves are based on cross-sectional mea-
surements, because death is irreversible and can only be ascer-
tained once per subject. Our hypothesis is that Gompertz’
survivorship law describe an intrinsic principle of aging of all indi-
viduals, provided negligible external causes of death. Indeed, our
basic assumption is the equivalence of longitudinal and cross-sec-
tional observations of the current survivorship data. Let us explain
this idea firstly in simple terms. Say that one wants to compose a
growth curve (weight against age) of children. We consider two
possible approaches. The longitudinal approach: compose a small
and representative cohort of kids (theoretically one kid is suffi-
cient) and weigh them every 3 months (or so). After 15 years a rep-
resentative growth curve can be composed, being the average (or
some other measure) of the various weights over time (age). The
alternative, cross-sectional sampling, is based on the collection of
data (here weight) of a large cohort of children of ages ranging
from 0 to 15 years. Now every subject contributes only once to
the data-set (like to a survivorship curve). If the subjects of both
studies have the same growth properties either approach gives
identical curves and enables to identify a prototypical (or represen-
tative) subject. In the present context, a life-spanning mathemati-
cal description of a survivorship curve of a population composed of
(nearly) identical subjects applies to at least one individual of that
population. Accordingly, the Gompertz’ law should not only be
considered as a biological characterisation of a population, but de-
scribes a typical (e.g. average or representative) life-spanning prin-
ciple (or process) shared by all the individuals of that population.
In other words: a population survivorship curve reflects some sort
of a biological process in a prototypical subject. This converges to
the idea what in physical sciences is known as the ergodicity theo-
rem [17]. The ergodicity theorem asserts the equivalence of the lon-
gitudinal average over a single realization with the cross-sectional
average of a fixed ensemble of static, stochastic processes. If this is
so than the present Gompertz’ model describes aging of any organ-
ism and possibly also of (some) organs and cells.

Some other approaches

In contrast to our hypothesis the shape of a survivorship curve
has been attributed to characteristics of the population present
early in life, such as variability of genes coding for longevity, birth
complications or unfavourable environmental conditions (e.g. star-
vation during pregnancy or in the youth). For instance Rickels and
Scheuerlein [11] compared Gompertz’ exponential hazard function
with a Weibull model. They assume that Gompertz’ exponential
hazard function applies exclusively to some (hidden) pathology al-
ready present early in life, and concluded that Gompertz’s law does
not include intrinsic aging processes. In our view this conclusion
can be questioned. For instance a correction for extrinsic death
can easily be incorporated in the Gompertz’ expression of the pop-
ulation mortality rate (Eq. (3)); say for instance that the probability
of extrinsic death is 1% (=0.01 St) per year. In this case the shape of
the Gompertz’ survivorship curve is still compatible with a major
influence of intrinsic processes. Being an exponential function,
Eq. (1) implies that during aging the hazard may increase indepen-
dently of the previous condition; irrespective from already accu-
mulated damage, or – as to be suggested later- functional state
of the organism, cell or organ. It should be emphasized here also
that a hazard function is a more or less theoretical construct, that
has to be supported by observations, and that is mortality. As men-

tioned, many studies have shown that proportional mortality does
not increase exponentially during life, with the largest deviation at
advanced age. Hence the assumption of Rickels and Scheuerlein
[11] that Gompertz ‘curve exclude intrinsic aging processes seems
premature. Another and related argument could be that the – pre-
sumably Gaussian – distribution of vitality of an organism, for
whatever reason, determines the variation of mortality later in life
[12]. We fitted our human data with cumulative distribution
Gaussian function (overlay procedure) and noticed a superior accu-
racy of Gompertz’ law (Eq. (2)). Human survivorship curves of
many western societies show an exceptionally long period of life
with little intrinsically caused mortality (particularly the Dutch;
Fig. 1). Apparently, the longer this period is the less the initial var-
iability of vitality determines the late-life patterns of mortality.

The present Gompertz’ conceptualization may invite to consider
other models for fitting. For instance we have tentatively fitted
some network models (small-world models: [18,19]; synchroniza-
tion models: [20]) with Gompertz’ equation with the overlay pro-
cedure. Network models apply to any level of complexity: from
molecule within cells, connections between cells or organs up to
the entire organism. Aging might be understood as a gradual disso-
lution of well-ordered functional networks possibly as the result of
accumulated molecular damage. Another approach worth consid-
ering is homeostatic regulation continuously being subjected to
stochastic aging processes. Homeostasis at every level of an organ-
isms might adequately be maintained during aging until collapse.
Such concepts are in line with systems biology, assuming that an
organism is a collection of single or multiple complex cooperating
systems [21,22]. In contrast to single component effects (e.g. spe-
cific genes, proteins, telomeres, oxidative damage) systems biology
underscores the multiple interactions of the various components
(systems and subsystems) in an organism leading to a complex
(and often unpredictable and stochastic) outcome. Although being
promising, the suggested compatibility of Gompertz’ law and var-
ious models needs further support with quantitative analysis.

Biomedical considerations

On aging hypotheses

Our interpretation of Gompertz’ law might be seen as an exten-
sion of the disposable soma theorywhich focuses on the idea that cell
maintenance (e.g. DNA repair, protein turnover) is costly and that
the cell’s capacity to maintain homeostasis is reduced during aging
[6]. Consequently malfunctions and gene-mutations accumulate, as
proposed in the accumulation hypothesis, stating that ageing is pri-
marily caused the cumulative impact of cellular and molecular
damage [6,22]. Several molecular mechanisms have been held
responsible: accumulative damage of proteins, for instance proger-
in [23] and nucleic acids by radical oxygen species, methylation of
DNA and spontaneous hydrolysis or rearrangements of genes
[24,25]. Related to this conceptualization is the assumption of sto-
chastic accumulation and telomere shortening as the result of oxi-
dative damage of mitochondrial and nuclear DNA. [4,9]. Of possible
interest are the interpretations of Hallén [26] and Shklovskii [27]
who emphasize that the exponential part of Gompertz law might
be interpreted as an increased content of cross-linked proteins or
as a rare escape of abnormal cells escaping from immunological re-
sponse, respectively. All these hypotheses might be compatible
with a single exponential accumulation of damage in cells or organs
and are in line with the assumption of an exponentially increasing
hazard during life, but not necessarily with the mortality patterns
as explained with the current conceptualization of Gompertz’ law.
Accordingly, a life-long accumulation of damage does not necessar-
ily lead to an exponentially increasing death rate. Instead, it may
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also challenge the organism by activating repair mechanisms,
thereby preventing or attenuating future (possibly carcinogenic)
gene mutations. Based on mathematical modelling, Finkelstein
[10] came also to the conclusion that if aging were to be understood
as some process of damage accumulation it does not necessarily
lead to an increasing mortality rate [5]. In his modelling Finkelstein
introduced the concept, that age related changes in an organism
might adversely affect its vitality and functions. Gompertz’ equa-
tion appears to be in line with these ideas: the ‘‘rate constant’’ (k)
accounting (also) for old age decelerating mortality, might be ex-
plained by accumulating random perturbations (or damage)
whereas the parameter c might reflect such hypothesised vitality
of an organism. The parameter k remains often unaffected by exter-
nal (including experimental) conditions. In line with the latter idea
are human data indicating that k (equivalent with a, the Gompertz’
slope) has not changed during several generations [16]. In short: we
consider the parameters c and k as biological characteristics of the
whole population or of a well defined cohort.

We suggest a biomedical explanation of the deceleration of old-
agemortality. Old cells enter a state of senescence andmay no long-
er divide, possibly because of telomere shortening in addition to
some other mechanisms such as the stimulation of repair mecha-
nisms. Related mechanisms have been explored in vitro with
human tumour cells [28]. To develop a fatal pathology, several intact
somatic functions are required. For instance, the transition of tu-
mours froma dormant state to amalignant requires sufficient nutri-
ents for growth; it ‘parasitizes’ its host’s body by inducing – among
other – angiogenesis. In line with these ideas is the notion that the
progression of many (but not all) tumors slows down at advanced
age [29–31]. Another example is auto-inflammatory disease; an
age-related impaired defence against micro-organismsmay protect
against auto-inflammatory diseases and cardiovascular diseases
(inflammationof the bloodvesselwall). Hence, due to a randompro-
cess (as for instance genomic instability [24,25]) pathology-support-
ing activity may become impaired as well. This leads to the idea
that – paradoxically – stochastically accumulated damage might
sometimes provide protection, in addition to fatal consequences.

Modelling incidence of pathology

Cancer is a major cause of mortality both in humans and in ani-
mals. In medical cancer research the incidence of a variety of can-
cers (new diagnosis per year per 100,000 persons) shows a nearly
exponential increase during aging (e.g. [32–34]), although at higher
ages the incidence rate is less than predicted by the exponential
function (data in [31]). Exponential increases have been modelled
to estimate the in vivo progression of tumours. The biology of aging
may better be understood with our Gompertz’ model, based on the
real numbers of mortality or morbidity (number of new cases of the
cohort per age). The latter idea was supported with semi-quantita-
tive fits of age-related incidence patterns of prostate, colon and cer-
vix cancer (source [15]). The incidence numbers firstly were
transformed to real numbers of subjects diagnosedwith the tumour
(i.e. cohort specific data) per age interval (5 years), plotted and
examined with Gompertz law functions (overlay procedure). It ap-
peared that the prostate and colon cancer were nearly identical
with whole population survivorship curves, including a tendency
of the old-age deceleration. Other reported cancer data (e.g. in
[35]) are in line with this conclusion. The incidence data on cervix
carcinoma deviate clearly fromGompertz’ law (Fig. 2, top panel). In-
deed, this cancer is caused by an infection of the papilloma virus at
young age. The latter example illustrates the potential of our
approach to distinguish between predominantly intrinsically
aging-associated versus extrinsically caused mortality.

In some reports (for instance on cardiovascular incidents [35]
other models (e.g. Weibull) gave better fits than Gompertz law.

The latter study [35] did not analyze the data according to the pro-
cedure proposed here. Together with the current cervix data devi-
ations from Gompertz’ law may point to a rather loose or even lack
of association with Gompertz aging model. Clearly, further testing
is necessary for more pertinent conclusions.

The coincidence of the survivorship curves of all cause mortality
and age-related incidence of various cancers and some other
pathologies implies that progression of a specific pathology de-
pends on intrinsic aging processes. This conclusion is in apparent

Fig. 2. Incidence curves of 3 carcinoma’s, with overlays of Gompertz function. Plots
are age versus proportion of the cohort diagnosed at indicated age-intervals of
5 years. Cervix carcinoma does not follow the Gompertz law, because of the most
prevalent sexually transmitted virus (human papilloma virus) of the world is a
major cause of sexually active (young) women. Male and female data of colon
cancer were nearly identical. Prostate and colon cancer follow reasonably well
Gompertz’ law suggesting a close association with aging, unlike the cervix data.
Curves are based on 2500–25,000 subjects. Data from ref. [38].
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contradiction with reports suggesting that age-related incidence of
cancer and related mortality depend primarily on the progression
of the cancer, irrespective of aging-effects (e.g. [32–34]). We pro-
pose that intrinsic aging has to be taken into account to distinguish
general aging processes from that governing the in vivo progress of
a particular pathology. Human pathology such as cancer has been
attributed to mutations, spontaneously arising in the human gen-
ome [24,35]. The involvement of DNA mutations in aging is also
emphasized by syndromes of premature aging (progeria), due to
failing DNA-repair [4,36,37]. The similarity of the age-patterns of
incidence data of many cancers and all-cause mortality of the hu-
man population, suggests that genomic destabilization should be
considered as a powerful mechanism driving aging, that is indeed
in line with recent animal studies [24,25,37].

Concluding remarks

We showed that life-spanning survivorship data of humans can
accurately be modelled with Gompertz’ law, thereby also explain-
ing old-age deceleration of mortality. We provide arguments for
the hypothesis that Gompertz’ law discloses basic aging principle
that is already active early in life of each subject. Our and many
other aging models assume (exponential) stochastic accumulation
of dysfunctions. We want to emphasize that stochastic processes
are indeterminate in an antegrade perspective, but not necessarily
from a retrograde perspective. Indeed, even if the (near) future is
unpredictable (with modelling), does not imply that the processes
and course of aging or a disease (e.g. cancer) cannot well be under-
stood. Hence the cause and progression of a (fatal) disease might
well be described as a determinate pathway, that can be recon-
structed fairly well afterwards. Such conclusion might have conse-
quences in the search for specific genes modulating aging and age-
related mortality. A stochastic model is consistent with a multi-
factorial cause of aging, pathology and death, implying the involve-
ment of several genes. Hence the finding of specific sets of genes
may fail, but this does – however – not exclude the possibility that
in sub-cohorts specific genes might be identified. But even in such
a case their explanatory and prognostic power might be modest.

The versatility, the simplicity and testability are among the
strong aspects of the here defended hypothesis and we suggest
some testable biomedical approaches (Table 1). We consider the
present hypothesis as an opportunity for further research. To-
gether, this report emphasizes that Gompertz’ survivorship law
should not only be considered a demographic model, but rather
as a biomedical law describing intrinsic age-related processes in
living organisms, including humans.
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Abstract 

Life-spanning population survivorship curves (the number of survivors 
versus age) is conventionally regarded as a demographic issue. Most often, 
the term hazard, the relative mortality per age-interval, is used as a typical 
survivorship parameter. Population survivorship curves are construed 
from cross-sectional data (single event per individual; here mortality) 
and -obviously- not from longitudinal data (multiple measurements 
per individual). In a previous article we have tested the hypothesis that 
Gompertz’ survivorship law describes human population mortality. 
Here, we tested quantitatively the idea that Gompertz’ law describes the 
mortality pattern of a wide variety of organisms, some of them fed with 
lifespan affecting diets. We show the wide applicability of Gompertz’ law 
and concluded that this law reflects a general biological principle of aging-
associated mortality. 

Because of this, we have searched for a mathematical model to interpret 
Gompertz’ law. We tested semiquantatively whether Gompertz’ law reflects 
the pattern of gradual disintegration of well-organized (biological) networks. 

The first test shows that the Gompertz law, does not only describe the life-
spanning mortality patterns well of both the Dutch population, but also 
those of of a wide variety of organisms. The data of all organisms were 
compatible with old-age deceleration of mortality. The current approach 
allows to distinguish whether the incidence of a pathology is associated 
with general aging or with incidental (i.e. patient specific) causes.

The second, semiquantitative, test, supports the finding that Gompertz’ 
pattern of mortality closely follows the increasing randomization of 
network connections. We suggest that aging has to be understood as a 
lifetime increase of excitatory, or a decrease of inhibitory connections so 
that consequently pathogenic mechanisms might develop.     
 

Keywords: acceleration of mortality, aging, ergodicity, Gompertz’ hazard 
law, modeling, small world network 
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INTRODUCTION 

Population survivorship curves are used to assess quantitative parameters 
associated with aging or interventions affecting longevity of human and 
animal populations [1-4]. These curves, showing all-cause mortality, do 
not necessarily disclose a specific pathology. Instead they may emphasize 
general aging processes and causing a multiplicity of molecular and other 
processes causing or associated with mortality [1-4]. Survivorship patterns 
have been explained by assuming individual (often Gaussian) variability 
in, among others, frailty, genes or defective proteins [5, 6]. In his classical 
report, Gompertz [7] suggested that “death may be the consequence of two 
generally coexisting causes; the one, chance, without previous disposition 
to death or deterioration; the other, an unspecified force that destroyed the 
material of organization necessary for life” [quoted in 1]. The present report 
describes an approach that might clarify a biological principle underlying 
population survivorship curves. 

In a protective environment, i.e. with little external causes of death such 
as severe infections, starvation and accidents, a survivorship curve may be 
considered a population-specific characteristic. Western human and many 
laboratory animal survival curves show relatively little mortality during the 
first period of life, whereas the number of survivors shows an approximately 
exponential decline thereafter. The human survivorship curves show 
exceptionally long periods (almost 60 years in the Netherlands) with relatively 
low mortality. At advanced age, mortality might attenuate [discussed 
in 1, 2, 4, 8, 9]. Such deceleration has often remained unnoticed or was 
questioned [10, 4, 9]. Apparently, additional aging-dependent mechanisms 
have to be considered. Previously, we reported that the Gompertz approach 
distinguishes well general aging as a risk to develop pathology, as compared 
to aging-independent pathology, such as some forms of cancer and genetic 
disorders [4].   

THE MODEL

Our approach is based on the application of the ergodicity principle 
to population survivorship data. According to (simplified) statistical 
thermodynamics, ergodicity implies that the distribution of a large number 
of (identical) particles (or functions) over sub-compartments (or space) 
equates the probability of a single particle to be found in a particular 
sub-compartment. In conventional terminology: in an ideal system, cross-
sectional observations (here spatial dimensions) equate longitudinal 
observations (here, time courses). Ergodicity of a system is guaranteed if 
the final state is irreversible, i.e. all constituting elements (i.e. particles) 
sooner or later end in that final state (here, death) [4]. The principle of 
ergodicity, i.e. the equivalence of cross-sectional and longitudinal data, can 
be illustrated with an intuitively easily understandable example of human 

growth curves: weight versus age. In a population of (young) subjects 
these curves can be composed following one of two strategies. First, the 
longitudinal approach: recruit a representative group of babies, weigh them 
frequently (approximately every 4 months) and follow them until adulthood 
(e.g. 18 years); for every individual compose (compute or simulate) the 
growth curve and calculate the average (and deviation). The alternative, the 
cross-sectional approach, is to recruit a large group of youngsters of various 
ages (babies and children up to 18 years), weigh them, register their age, and 
calculate the best fitting curve. In the ideal experiment (and in principle), 
the two computed growth curves are identical and at least one person of 
the investigated populations approximates this “ideal” growth curve. Only 
the second strategy is useful here, because survivorship data and curves 
are composed of cross-sectional data, as individual measurements can –
obviously- be done only once.

We applied the idea of ergodicity to Gompertz’ law, which is among the 
best models to describe population survivorship. In contrast to various 
other models, it describes a wide variety of data sets fairly accurately 
with two parameters [e.g. 1, 2, 4, 7]. Most population survivorship studies 
use Gompertz’ law to assess the aging related hazard (the fraction of a 
population of a defined age interval that dies in that interval), which is 
modeled as a single exponential age-function. In Kirkwood’s words [2]: 
“In essence, the (Gompertz) equation represents a force of mortality that 
increases exponentially with age in such manner that a hazard parameter 
(defined below) grows linearly.” As an alternative to the hazard function, we 
apply Gompertz’ law to model the mortality pattern of the whole population 
from birth onwards and use the real number of survivors of a population 
versus age. Therefore, the hazard function has to be integrated and this 
integrated function is used for modeling. As far as we know, this procedure 
has only been explored in a human population [4]; here, we examined 
also data of a variety of organisms, some exposed to life-time extending 
interventions. In a protective environment with little external causes of 
death, human and laboratory animal survival curves may be considered as 
an aging characteristic of the population in question. Applying the idea of 
ergodicity and assuming that all individuals are (nearly) biologically identical 
at birth, a survival curve not only reflects the time course of aging of a 
population, but also an aging process (or principle) active in every subject of 
that population. Unexpectedly, our approach provides an explanation of the 
shift from increasing mortality at younger ages to its deceleration at old-
age in all species examined: the various ages of inflection are calculated.
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GOMPERTZ and NETWORK MODELLING  

It has been speculated that they may relate to random damage or to 
characteristics already present at birth. It should be emphasized that 
such assumptions are well compatible with the exponentially increasing 
mortality during the first period of life, but not necessarily with late-life 
deceleration. The explanatory power of a direct connection between 
cellular aging processes and the actual mortality seems rather speculative 
to us. Therefore, we searched for a bridging concept. A well-fitting model 
was found in reports on small-world networks. The idea is the following: 
consider the living system or a part of it (organism, organ or cell) as a well-
organized and communicating network of entities and consider that the 
process of aging gradually impairs that organization. Most current network 
models focus on the opposite direction of temporarity: the realization of 
an organized system starting with randomly active entities: as for instance 
how clocks (oscillators) may synchronize through weak interactions [11]. 
Synchronization depends on the strength of coupling: above a certain 
threshold the entities synchronize, otherwise they remain uncoupled. Aging 
might then be considered as the reverse process: well-synchronized (or 
coupled) systems disintegrate gradually [11].

Research method  

General Approach 

We tested firstly the idea that Gompertz’ law explains lifetime mortality 
patterns well,  including old old-age deceleration of mortality, not only 
in human population [as described in 4], but in several animal species as 
well. Because of this generality, we tested whether Gompertz curves are 
compatible with some other models. We show that the pattern of all-cause 
mortality clearly deviates from a Gaussian distribution (it is skewed). Hence, 
Gompertz’ law seems incompatible with a Gaussian pattern of individual 
properties present at birth or early in life. Because of this result, we tested 
the hypothesis whether a Gompertz pattern of mortality is compatible with 
the dissolution of a small world network [11]. This idea was tested semi-
quantitatively with an overlay method. 

TESTING THE HYPOTHESES 

Gompertz’ function and applications

The model. Equation 1 shows Gompertz’ expression of the proportional 
hazard rate µ(t) as a function of age (t); α and β are population specific 
constants:

  
      (1) 

Reformulation and integration of equation 1 by taking the size of the original 
population S0 at birth (= 1 after normalization) and S(t) as the relative size 
of the population at age t gives: 
    
     (2)

The parameters c and k are population-specific constants. They were used 
instead of α and β to distinguish them from equation 1. The derivative of 
equation 2, m(t), gives the mortality rate at age t: 

       (3)

Formula (3) is negative because of the decreasing number of survivors 
during aging. One implication of Gompertz’ law is that, after an initial 
increase, the relative mortality decreases at old age. We calculated the 
age of inflection tad  when an accelerated rate of mortality transits into 
decelerating mortality from the derivative of equation 3, or dm/dt = 0 at tad:

        (4)

Notice that tad is independent of the population size.  
  
Data sets. We fitted data for a wide variety of cohorts chosen rather 
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following data sets were used: 1) males and females (Dutch population 
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flies (Anastrepha obliqua) males and females; 5) wasps (Diachasmimorpha 
longicaudata), males and females (data provided by Dr. James Carey); and 6) 
honeybees (Apis mellifera). 

Gompertz curves are compatible with some other models. We show that the pattern of all-

cause mortality clearly deviates from a Gaussian distribution (it is skewed). Hence, Gompertz’ 

law seems incompatible with a Gaussian pattern of individual properties present at birth or 

early in life. Because of this result, we tested the hypothesis whether a Gompertz pattern of 

mortality is compatible with the dissolution of a small world network [11]. This idea was tested 

semi-quantitatively with an overlay method.  

 

TESTING THE HYPOTHESES  

Gompertz’ function and applications 

The model. Equation 1 shows Gompertz’ expression of the proportional hazard rate µ(t) as a 

function of age (t); α and β are population specific constants: 

µ(t )= α eβ t
                                                                           (1)  

Reformulation and integration of equation 1 by taking the size of the original population S0 at 

birth (= 1 after normalization) and S(t) as the relative size of the population at age t gives:  

S (t )= ec(1− ek t )
                                                                     (2) 

The parameters c and k are population-specific constants. They were used instead of α and β 

to distinguish them from equation 1. The derivative of equation 2, m(t), gives the mortality rate 

at age t:  

m(t )= − k c S ( t )ek t
                                                                 (3) 

Formula (3) is negative because of the decreasing number of survivors during aging. One 

implication of Gompertz’ law is that, after an initial increase, the relative mortality decreases at 

old age. We calculated the age of inflection tad  when an accelerated rate of mortality transits 

into decelerating mortality from the derivative of equation 3, or dm/dt = 0 at tad: 

t ad= k− 1ln c− 1

                                                               (4) 

Notice that tad is independent of the population size.   

   

Data sets. We fitted data for a wide variety of cohorts chosen rather arbitrarily from literature 

or acquired through personal contacts. The following data sets were used: 1) males and 

females (Dutch population [www.cbs.nl; 4 acknowledged]); 2) mice under caloric restriction  

Gompertz curves are compatible with some other models. We show that the pattern of all-

cause mortality clearly deviates from a Gaussian distribution (it is skewed). Hence, Gompertz’ 

law seems incompatible with a Gaussian pattern of individual properties present at birth or 

early in life. Because of this result, we tested the hypothesis whether a Gompertz pattern of 

mortality is compatible with the dissolution of a small world network [11]. This idea was tested 

semi-quantitatively with an overlay method.  

 

TESTING THE HYPOTHESES  

Gompertz’ function and applications 

The model. Equation 1 shows Gompertz’ expression of the proportional hazard rate µ(t) as a 

function of age (t); α and β are population specific constants: 

µ (t )= α eβ t
                                                                           (1)  

Reformulation and integration of equation 1 by taking the size of the original population S0 at 

birth (= 1 after normalization) and S(t) as the relative size of the population at age t gives:  

S (t )= ec(1− ek t )
                                                                     (2) 

The parameters c and k are population-specific constants. They were used instead of α and β 

to distinguish them from equation 1. The derivative of equation 2, m(t), gives the mortality rate 

at age t:  

m(t )= − k c S ( t )ek t
                                                                 (3) 

Formula (3) is negative because of the decreasing number of survivors during aging. One 

implication of Gompertz’ law is that, after an initial increase, the relative mortality decreases at 

old age. We calculated the age of inflection tad  when an accelerated rate of mortality transits 

into decelerating mortality from the derivative of equation 3, or dm/dt = 0 at tad: 

t ad= k− 1ln c− 1

                                                               (4) 

Notice that tad is independent of the population size.   

   

Data sets. We fitted data for a wide variety of cohorts chosen rather arbitrarily from literature 

or acquired through personal contacts. The following data sets were used: 1) males and 

females (Dutch population [www.cbs.nl; 4 acknowledged]); 2) mice under caloric restriction  

Gompertz curves are compatible with some other models. We show that the pattern of all-

cause mortality clearly deviates from a Gaussian distribution (it is skewed). Hence, Gompertz’ 

law seems incompatible with a Gaussian pattern of individual properties present at birth or 

early in life. Because of this result, we tested the hypothesis whether a Gompertz pattern of 

mortality is compatible with the dissolution of a small world network [11]. This idea was tested 

semi-quantitatively with an overlay method.  

 

TESTING THE HYPOTHESES  

Gompertz’ function and applications 

The model. Equation 1 shows Gompertz’ expression of the proportional hazard rate µ(t) as a 

function of age (t); α and β are population specific constants: 

µ (t )= α eβ t
                                                                           (1)  

Reformulation and integration of equation 1 by taking the size of the original population S0 at 

birth (= 1 after normalization) and S(t) as the relative size of the population at age t gives:  

S (t )= ec(1− ek t )
                                                                     (2) 

The parameters c and k are population-specific constants. They were used instead of α and β 

to distinguish them from equation 1. The derivative of equation 2, m(t), gives the mortality rate 

at age t:  

m(t )= − k c S ( t )ek t
                                                                 (3) 

Formula (3) is negative because of the decreasing number of survivors during aging. One 

implication of Gompertz’ law is that, after an initial increase, the relative mortality decreases at 

old age. We calculated the age of inflection tad  when an accelerated rate of mortality transits 

into decelerating mortality from the derivative of equation 3, or dm/dt = 0 at tad: 

t ad= k− 1ln c− 1

                                                               (4) 

Notice that tad is independent of the population size.   

   

Data sets. We fitted data for a wide variety of cohorts chosen rather arbitrarily from literature 

or acquired through personal contacts. The following data sets were used: 1) males and 

females (Dutch population [www.cbs.nl; 4 acknowledged]); 2) mice under caloric restriction  

Gompertz curves are compatible with some other models. We show that the pattern of all-

cause mortality clearly deviates from a Gaussian distribution (it is skewed). Hence, Gompertz’ 

law seems incompatible with a Gaussian pattern of individual properties present at birth or 

early in life. Because of this result, we tested the hypothesis whether a Gompertz pattern of 

mortality is compatible with the dissolution of a small world network [11]. This idea was tested 

semi-quantitatively with an overlay method.  

 

TESTING THE HYPOTHESES  

Gompertz’ function and applications 

The model. Equation 1 shows Gompertz’ expression of the proportional hazard rate µ(t) as a 

function of age (t); α and β are population specific constants: 

µ (t )= α eβ t
                                                                           (1)  

Reformulation and integration of equation 1 by taking the size of the original population S0 at 

birth (= 1 after normalization) and S(t) as the relative size of the population at age t gives:  

S (t )= ec(1− ek t )
                                                                     (2) 

The parameters c and k are population-specific constants. They were used instead of α and β 

to distinguish them from equation 1. The derivative of equation 2, m(t), gives the mortality rate 

at age t:  

m(t )= − k c S ( t )ek t
                                                                 (3) 

Formula (3) is negative because of the decreasing number of survivors during aging. One 

implication of Gompertz’ law is that, after an initial increase, the relative mortality decreases at 

old age. We calculated the age of inflection tad  when an accelerated rate of mortality transits 

into decelerating mortality from the derivative of equation 3, or dm/dt = 0 at tad: 

t ad= k− 1ln c− 1

                                                               (4) 

Notice that tad is independent of the population size.   
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females (Dutch population [www.cbs.nl; 4 acknowledged]); 2) mice under caloric restriction  



62 63

To
 b

e 
ac

ce
pt

ed
 fo

r p
ub

lic
at

io
n,

 s
ub

m
it

te
d 

in
 2

01
8

Quantitative and semi quantitative fits 

Gompertz’ fittings were done using Graph pad Prism 5 (non-linear regression 
analysis), resulting in two free parameters, c (no dimension) and k (k in days-
1). The confidence intervals and tad were also calculated. As indicated, 
we examined the mortality pattern of the entire populations (from birth 
to death), not the hazard function. The applied overlay procedure [4]  is 
based on a visual inspection procedure without quantitative or theoretic 
computations.   

Fittings and results. Figures 1 and 2 show the fitted survivorship curves; 
table 1 the quantitative data. The quantitative fits and parameters illustrate 
that Gompertz’ equation provides good fits with survival data of the Dutch 
population and nearly all animal species. The derivative of the Gompertz 
curve illustrates life-time the asymmetry, suggesting that a Gaussian 
distribution is either inadequate or is lost as the consequence of aging. Minor 
deviations were noticed with the data of honeybees and ad libidum fed mice, 
but not with those of the calorie-restricted fed mice. Notice that although 
the hazard increases exponentially during aging, the relative mortality at 
old age decreases. We estimated tad of each population as shown in the 
table. Semi-quantitative (overlay) analyses [described in 4] were done on 
published survivorship curves of nematodes (Caenorhabditis elegans) [15, 
16] and fruit flies (Drosophila melanogaster) [17, 18]. These overlay results 
support the quantitative analyses, showing the accuracy of the fits in a wide 
variety of organisms and additionally the advanced-age deceleration of 
mortality of all populations.  

Network modeling 

What could be the nature of a general process underlying aging? The result 
of the overlay approach [as described in 4] was applied to the study of Watts 
and Strogatz [19] and shown here in figure 3. The latter model suggests that 
a change of connectivity increases with a factor of 10 every 25 years. These 
network models suggest that a gradual increasing connectivity between 
entities ends in a randomized state of the system. In the present context, 
aging-dependent connectivity might either point to increasing activating 
connections (excitatory mechanisms) or to a gradual decrease of inhibiting 
connections. We suggest that the loss of connectivity in a network causes 
individual entities of that network to become less controlled by the 
organism (the system) and that it might increase the risk of developing fatal 
pathogenic processes. Alternatively, the proposed increasing randomness 
of connectivity might point towards an increasing number of freedom 
parameters of the connected entities. The proposed network model does 
not necessarily apply to the whole organism, but may also apply to cell 
aggregates or organs that are critically involved in vital functions of the 
organism. 

BIOLOGICAL IMPLICATIONS 

Our conceptualizations of Gompertz’ law and network models imply that 
deterioration of functions is a continuous process starting at birth, and 
not after reproductive success (as suggested in [1]). The apparent rate of 
disintegration of human female and male survivorship curves are almost 
similar, which is not well compatible with the notion that the female 
reproductive period (being determined by the exponential loss of fertilizable 
ova) ends earlier than the male’s reproductive capacity, which remains 
largely intact at older age.  Age-related. diseases have to be viewed from 
two perspectives: many of them (e.g. cancer, cardiovascular disorders) closely 
follow Gompertz’ aging law, suggesting that the expression of pathology 
not only depends on a particular pathogenic process, but to a substantial 
extent also on the actual state (or network connections) of the organism or 
of its organs [4]. One challenge could be how to identify the biological basis 
of the network connections and to understand their role in senescence.     
Old-age mortality deceleration has often remained unnoticed or has even 
been rejected by some demographic investigators. For instance, Gavrilova 
and Gavrilov [10, and their previous reports] were unable to observe a 
decline of the mortality rate in humans of advanced age and rodents. The 
difference in their conventional approach is that their hazard functions are 
based on the mortality of sub-cohorts of the entire population taken over 
a fixed period, one year or so. Gavrilova and Gavrilov [10] noticed correctly 
“that the famous Gompertz law was suggested to fit hazard rate (mortality 
force), rather than the probability of death.” But they have erroneously 
suggested[10], that the deceleration of mortality implies “near non-aging” 
at advanced age [also discussed in 1, 2, 4, 9]. In contrast: the present analysis 
indeed points to a continuously increasing hazard function, but it implies 
that the evolving pattern of mortality depends on additional aspects of 
organisms, possibly related to their complexity.   

In a previous study we examined the incidence of several cancers using a semi-
quantitative method [4]. The incidence of a variety of cancers (new diagnoses 
per year per 100,000 persons) shows an almost exponential increase during 
aging [20, 21, 22], but at higher ages the incidence rate is less than predicted 
by the exponential function [23]. It appeared that the incidence of prostate 
and colon cancer was nearly identical with the survivorship curves for the 
entire population, including a tendency of old-age deceleration, whereas 
the incidence data on cervix carcinoma clearly deviates from Gompertz’ law. 
Indeed, the latter cancer is caused by an infection of the papilloma virus at a 
young age and our approach illustrates its potential to distinguish between 
predominantly intrinsically aging-associated versus extrinsically caused 
mortality. Moreover, the mortality and morbidity during aging might be the 
combined consequences of general aging and specific pathology. Attempts 
to identify specific pathogenic mechanisms or the involvement of particular 
genes should take both processes into account. The process of general 
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aging might stimulate the expression of some pathogenic mechanisms in 
an age-dependent way. Old-age deceleration of mortality might serve as an 
example of such possibility. 

Gompertz’ mortality function is bi-exponential. This suggests at least two 
active biological principles during life. First, the exponent; this function 
is characterized by a continuous mono-exponential decrease and does 
not take into account a linear aging dependence. The latter has to be 
incorporated in case of aging-independent risk of mortality. Indeed, this is 
known as the Makeham correction and has to be applied when a substantial 
proportion of a population dies because of accidents or fatal infections. At 
time zero (t=0), the exponential function is zero, as if there is not yet an 
age-related lesion present in the organism; whereas at old age this function 
becomes highly negative, something that has no real biological meaning. 
But, considering the complete Gompertz function, the impact of high values 
of the exponent “causes” a slowing down of mortality at advanced age. If 
the exponential function has some direct relationship with accumulating 
damage, the complete function suggests that the impact of such damage is 
continuously attenuated during aging. It is as if the expression of damage 
and/or the consequences of damage for mortality become impaired during 
aging. We have suggested that the expression of fatal damage (e.g. cancer 
or arteriosclerosis) requires a vital organism, similar to parasites needing a 
functioning organism to induce a fatal disease [4]. The Gompertz function 
might then describe the combined consequences of both the risk of damage 
increasing during lifetime (hazard) and the capacity of the organism 
to compensate or combat the expression of (at least some) pathological 
processes. 

CONCLUSIONS
    
The hypothesis presented here -that Gompertz’ hazard population law 
disclosing an aging principle of every individual of that population- has been 
tested only indirectly. Our principal argument is based on the assumption 
of equivalence of longitudinal and cross-sectional population data (the 
ergodicity theorem). Gompertz’ law accurately describes lifetime patterns 
of acceleration and deceleration of mortality of a wide variety of organisms, 
including humans. This conclusion applies to untreated organisms, to life-
span extending interventions and to the incidence of aging-associated 
pathologies [4]. 

We acknowledge that the present network analyses are based on semi-
quantitative analyses. Nevertheless, our interpretation of Gompertz’ law 
might help to develop biologically relevant aging laws, as was attempted 
here with network models. Accordingly, Gompertz’ law might be understood 
as a gradual dissolution of networks. Direct testing of our proposal requires 
dedicated studies of age-related functions of individual organisms, their 

cells or organs. Our approach might also be seen as an invitation to develop 
quantitative (mathematical) models to prove the compatibility of Gompertz’ 
law with network models. 
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Table 1 Legend 
This table shows the parameters of the best quantitative fits, 95% confidence 
intervals (CI), the sum of squares of the best fitting Gompertz’ models 
and tad ages.The data sets used were: humans (total Dutch population); 
mice under caloric restriction (B6-mice fed ad libidum followed by a non-
purified diet); houseflies (Musca domestica) fed with a variety of diets (Diet 
I, ad libidum sucrose fed; Diet V, 6:6:1 mixture of sucrose, powdered skim 
milk and powdered egg; Diet VI, 13:6 mixture of diet V plus powdered whey 
protein); West-Indian fruit flies (Anastrepha oblique, males and females); 
wasp (Diachasmimorpha longicaudata, males and females); and honeybees 
(Apis mellifera).  

Figure 1. Example of a quantitative Gompertz fit of the survivorship curve of the Dutch 
population. Blue dots are observational data (yearly survival data); the red line is the best 
fitting Gompertz curve. The bold interrupted line is the population probability curve, which 
is the derivative of the Gompertz curve, being timeasymmetric, deviates from a Gaussian 
function. This example shows deceleration of mortality and subsequently the mortality rate 
at advanced age. Such deceleration is not explained by assuming the decrease of the size of 
the popuation at old age.   

Table 1. Gompertz’ parameters and tad age 

Population Parameter c 
(95% CI) 

Parameter k (days -1) 
(95% CI) 

Absolute 
sum of 
squares 

t ad 

Dutch population 
2003 

Male + Female 
(n ≈15,000,000) 

1.74 * 10-4 
(1.54 * 10-4 – 1.94 * 10-4) 

2.87* 10-4 
(2.74*10-4 – 2.85*10 -4) 0.007149 86.5 years 

Dutch population 
1994 
Male 

(n ≈ 7,585,000) 
 

3.52 * 10-4 
(3.20 * 10-4 – 3.85 * 10-4) 

2.76 10 -4 
(2.66*10-4 – 2.73* 10-4) 0.005600 80.0 

years 

Female 
(n ≈ 7,755,000) 

 
1.12 * 10-4 

(9.41 * 10-5 – 1.30 * 10-4) 
2.95*10 -4 

(2.82*10-1 – 2.93* 10-4) 0.01212 86.6 
years 

Mouse Fed normally 
(n = 60) 

 
1.28 * 10-3 

(5.14 * 10-4 – 2.04 * 10-3) 
6.87* 10 -3 

(6.23*10-3 –7.50*10-3) 0.07075 32.3 
months 

Caloric restriction 
(n = 60) 

 
9.63 * 10-4 

(5.88 * 10-4 – 1.33 * 10-3) 
6.13 *10-3 

(5.80* 10-3 – 6.50*10-3) 0.03123 37.7 
months 

House fly 
Diet I 

(n = 200) 

3.28 * 10-2 
(2.70 * 10-2 – 3.89 * 10-2) 

1.58 *10-1 
(1.49*10-1 –.66 * 10-1) 0.02111 21.6 days 

Diet V 
(n = 200) 

1.80 * 10-2 
(1.45 * 10-2 – 2.16 * 10-2) 

1.36 * 10-1 
(1.29*10-1 –1.43*10-1) 

0.02785 
 29.5 days 

Diet VI 
(n = 200) 

3.26 * 10-3 
(2.72 * 10-3 – 3.80 * 10-3) 

1.61 * 10-1 
(1.56 *10-1–1.66*10-1) 0.01091 35.6 days 

 
Fruit fly 

Male 
(n = 162,280) 

6.44 * 10-1 
(5.62 * 10-1 – 7.25 * 10-1) 

5.26 * 10-2 
4.85*10-2-5.68*10-2) 0.02145 44.1 days 

Female 
(n = 134,807) 

8.85 * 10-1 
(8.26 * 10-1 – 9.45 * 10-1) 

3.63 * 10-2 
(3.47*10-2–3.80*10-2) 0.00630 31.1 days 

Honey Bee 
Male (n = 200) 

3.96 * 10-2 
(3.11*10-2 – 4.82*10-2) 

9.42 * 10-2 
(8.81*10-2 –1.00 * 10-1) 0.05360 34.3 days 

Wasp 
Male 

(n = 13,358) 

5.50 * 10-1 
(4.56 * 10-1 – 6.45 * 10-1) 

1.15 * 10-2 
(1.03*10-1 –1.27*10-1) 0.01712 52.2 days 

Female 
(n = 14,184) 

7.78 * 10-1 
(6.47*10-1 – 9.09 *10-1) 

8.56 *10-2 
(7.62*10-2 –9.50*10-2) 0.01610 2.92 days 
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Figure 2. Examples of quantitative Gompertz fits of survivorship curves. A: Dutch male 
population, B: Dutch female population: C: Houseflies on various diets: Diet I: Ad Libidum 
sucrose fed; Diet V: 6:6:1 mixture of sucrose, powdered skim milk and powdered egg; Diet VI: 
13:6 mixture of diet V plus powdered whey protein. D: Honeybees under normal conditions; 
E: B6-mice fed ad libidum; F: B6-mice calory restricted diet. Black dots are observational 
data (yearly survival data of the human population; weekly or daily survival in the animal 
studies); lines are the best fitting curves. All examples show deceleration of mortality at 
advanced age.

Figure 3. Example of the similarity network model and Gompertz’ law. Overlay procedure 
(described in 4). The semi-quantitative approach shows that an increasing number of 
connections (clustering) finally leads to some random structure. In the original model of the 
authors, clustering indicates the increasing number of connections between entities. The 
present concept of clustering (aging, leading to a decrease of survivors; 11, 19) is considered 
a parameter of increasing loss of connections between entities (clustering), so that the 
coordination of the organization of a living system is gradually lost. In the present case, we 
assume that the apparently increasing clustering  between entities might be understood 
as the loss of inhibitory or regulatory connections, thereby leading to uncontrolled and 
possibly pathogenic activities of the thus affected entities.  
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In chapter 2, I modeled the variable age as a continuous moderator variable 
of the genetic and environmental influences on these inflammation markers. 
Cross-sectional twin data of 1.603 middle aged women from the Twins-UK 
registry were used (Spector & Williams. 2006). For IL-1β, heritability declined 
withage due to an increase in unique environmental influences. For TNF-α, 
heritability increased with age due to a decrease in unique environmental 
factors.
Although longitudinal studies are the gold standard for studying changes in 
serum cytokine levels and variance components over time, such studies are 
difficult to conduct as they are time consuming and expensive to establish. 
By using age as a moderator of genetic and environmental influences, the 
statistical models allowed us to mimic longitudinal outcomes in a cross-
sectional dataset.

In chapter 3, I then further tested the hypothesis of changing genetic 
and environmental influences with age on the inflammation marker CRP 
in a longitudinal twin study of over 6,000 female twins from the TwinsUK 
registry with up to three measurements over a 10-year follow-up period (Sas 
et al. 2012b).
CRP levels significantly increased from visit 1 to visit 2 and between visit 
1 and visit 3, but not between visit 2 and visit 3. Heritability estimates 
for CRP were around 50% at all three time points, and thus very stable 
over time (0.46–0.52; Table 1). Adjustment for BMI only slightly reduced 
heritability estimates (0.49–0.51). The genetic correlations between visits 
were significantly smaller than one, ranging from 0.66 (visit 1 – visit 3) to 
0.85 (visit 2–visit 3). These findings indicated, that a large part of the genetic 
influences over time could be attributed to the same genes. However, partly 
different genes regulating CRP levels also impact at different timepoints 
in an individual’s life course. Although significant, the environmental 
correlations between visitswere consistently low (0.16 – 0.27) indicating 
that the environmental influences on CRP were mostly different at the three 
time points.

In chapter 4, I tested whether neuroticism may have genetic or 
environmental overlap with plasma levels of the inflammatory markers CRP, 
IgG and fibrinogen, to gain further insight into the pathophysiology for both 
somatic and mental disorders. I focused on the personality trait neuroticism, 
as high neuroticism scores are highly predictive for developingmental and 
somatic health problems (Lahey, 2006). Also, high neuroticism scores have 
been associated with raised plasma levels of various inflammatory markers 
(McManus et al., 2013, Turiano et al. 2013).
Heritabilities were fair for neuroticism (0.55), CRP (0.52) and fibrinogen (0.67) 
and moderate for IgG (0.43) (Table 1). However, no significant phenotypic or 
genetic correlations were found between neuroticism and the inflammatory 
markers in a population cohort of healthy female twins (Sas et al. 2014). 

The main focus of this thesis was to investigate the genetic and 
environmental influences underlying baseline serum or plasma levels of 
various inflammatory markers and the role of age as a possible moderator 
of these influences. We further examined the genetic overlap between 
inflammatory markers and neuroticism, a personality trait that strongly 
predicts both mental and somatic disorders (Ormel et al. 2013;Terracciano 
et al. 2008). The inflammatory markers studied are C-reactive protein 
(CRP), Interleukin-1β (IL-1β), Tumor Necrosis Factor-α (TNF-α), IL-10, IL-6, 
Immunoglobulin G (IgG) and fibrinogen. These markers were chosen because 
of their established role in the pathophysiology of complex diseases related 
to ageing (Jylhä et al. 2007, Prins et al. 2016). Finally, I introduced the 
hypothesis that mathematical models describing survival data represent 
a general biological “law of ageing” as illustrated by analyses of human 
survivorship data of different types of cancer patients and the entire Dutch 
population as well as in a variety of other organisms.

Summary of main results of the thesis

Step by step I explored the role of age by using increasingly more complex 
study designs. After adjustment for age and other covariates on the mean 
levels, I tested the extent to which genetic and/or environmental influences 
accounted for individual differences in bloodlevels of inflammatory markers 
IL-1β, TNF-α, IL-10 and IL-6 (chapter2). Heritabilities for the different 
covariate models are given in Table 1 and were moderate for IL-1β and IL-10 
and low for IL-6and TNF-α.

Table 1: Summary of the heritabilities of various inflammatory markers studied 
in the thesis.
Chapter 1 Inflammation 

marker
Heritabilities (95% CI)

Chapter 2
(Sas et al., 
2012b)

IL-1β
IL-6
IL-10
TNF-α

Range: 0.27 (0.17-0.36) – 0.33 (0.24-0.41)
0.15 (0.00-0.38)
0.30 (0.20-0.38) 
Range: 0.17 (0.05-0.28) – 0.23 (0.12-0.33)

Chapter 3
(Sas et al., 
2014)

CRP
Fibrinogen
IgG

0.52 (0.01-0.78)
0.67 (0.35-0.79)
0.43 (0.01-0.79)

Chapter 4
(Sas et al., 
2017)

CRP Range: 0.46 (040.-0.52) – 0.52 (046.-0.58)

Abbreviations: CI, Confidence Interval; CRP, C-reactive Protein; IL – 
Interleukin; TNF, Tumor Necrosis Factor; Ig, Immunoglobulin.
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Inflammation is tightly controlled by the immune systemand is considered 
to be part of the acute physiological immune response to pathogens. 
Inflammation responses are adaptive, illustrated by more rapid reactivity 
and faster self-limitation by frequent exposure to stimuli (McDade, 2012a, 
Yattim&Lakkis. 2015). This means that when the infection is cured, the 
immune response normalizes. CRP-levels can rise 10-fold in the response 
to acute inflammation such as the flu. This means, that CRP levels of >10 
mg/L are not relevant for research on chronic inflammation as reflected 
by baseline serum levels (McDade et al. 2012a). In contrast, chronic low-
grade inflammation is a hallmark of systemic inflammatory activity and 
may, for example, indicate the presence of autoimmune disease, but is also 
found to be predictive for development of cancer, CVD and even psychiatric 
disorders (Singh et al., 2011). As a result, throughout my thesis, cases of 
“acute inflammation” are therefore excluded or controlled for throughout 
statistical model testing, as is common praxis in studies on baseline levels 
of inflammatory markers (Sas et al. (2012b, 2014)). What remains in our 
studies, are large groups of “healthy” individuals with CRP-levels in the 
normal range, allowing the study of the genetic and environmental origins 
of differences in baseline serum levels between individuals with potential 
impact on health and disease.

Individual differences in baseline levels of inflammatory markers have been 
studied extensively before, and provide clues on both functioning of the 
immune system (Sas et al. 2012b, 2014, 2017), as well as on its potential 
adverse outcomes (Franceschi et al. 2007, Bruunsgaard et al. 2001). It is 
clear, also from this thesis, that genetic influences play an important role 
(Table 1). However, these effects only partially account for the individual 
differences in these baseline levels: much is also determined by unique 
environmental (non-genetic) effects (Sas et al. (2012b, 2014, 2017)). What 
exactly are these effects and how do they account for variance in baseline 
levels of inflammatory markers? One example is the amount of adipose 
tissue and BMI, which is a known source of pro-inflammatory cytokines 
like IL-6 and of CRP (Schäffler et al. (2006)). In the studies presented in my 
thesis, BMI accounts for about 5% of the variance. Furthermore, according to 
other studies, smoking behavior may also account for some of the variance 
(Dietrich et al. 2007). But even when controlling for these effects through 
covariate analysis, a substantial unique environmental influence remains 
(Sas et al. (2012b, 2017)). Most likely, not all environmental covariates are 
known or at least not accounted for. In my opinion, an alternative source of 
environmental variance could originate fromthe development of our immune 
system throughout life. This idea is supported by the work of McDade (2012a), 
emphasizing the influence of environment on individual characteristics of our 
immune system. His work describes the relationship between the frequency 
of exposure to immune system triggering pathogens in childhood and serum 
cytokine and CRP levels in adulthood. More specifically, he provided evidence 
that more frequent stimuli of the immune system in childhood assessed 

As no phenotypic or genetic overlap between neuroticismscores and serum 
cytokine levels were found, higher neuroticism levels are not associated 
with higher inflammation. 
One explanation of the observed relationship between neuroticism and 
inflammation markers as reported in the literature could be that confounding 
factors such as stressors and risk behavior are associated with higher 
neuroticism scores as well as higher serum levels of inflammatory markers 
(Sas et al. (2014)). This illustrates the importance of testing the influence of 
potential confounders influencing baseline levels of inflammatory markers. 
In accordance, in all of the studies in the present thesis the effects of 
established covariates on the data wereassessed and statistically corrected 
for.

In chapters 5 and 6, I further worked out the idea that modelling cross-
sectional data can sometimes be interpreted as if they were longitudinal. I 
looked at survivorship data which is based on cross-sectional measurements, 
because death is irreversible and can only be ascertained once per subject 
and proposed the hypothesis that cross-sectionalsurvival data of a cohort 
may be useful as an estimate of a longitudinal property of an average 
prototypical individual. 
My working hypothesis is that survivorship data describe a basic, intrinsic 
principle of aging of all individuals. We demonstrated in these chapters that 
mathematical formulas describing these data accurately describe survival 
curves (both human and animal), as well as common age-related pathologies 
such as colon and prostate cancers. An interesting feature however, is that 
with these curves we were not able to describe incidence data of external 
causes of pathology and death as illustrated by cervix cancer data caused 
by an infection of the human papilloma virus (HPV). This would imply 
that a cross-sectional population survivorship curve reflects alongitudinal 
biological ageing process in a prototypical individual.

Inflammation, ageing and chronic diseases: theoretical model 

Recent work indicates, that inflammation is more predictive for reaching 
extreme old age in humans (Arai et al. 2015) than other biomarkers of ageing 
such as telomere length or renal function. In accordance, and mentioned in 
Chapter 2 and 3, chronic low-grade inflammation has been linked to less 
successful ageing as reflected in a higher risk of cardiovascular disease 
(CVD), cancer and ultimately death (Franceschi et al. 2007, Bruunsgaard et 
al.2001). Much remains unclear on this issue however, as illustrated by recent 
work of Prins et al. (2016). In their large Mendelian randomization study no 
apparent direct causal influence of higher baseline CRP levels on 32 somatic 
and psychiatric disorders were observed. This illustrates that the underlying 
mechanisms that may explain therelationship between inflammation and 
healthy ageing are still unknown and needto be investigated.
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onset seems to be delayed in these individuals. The potential protective 
effect as proposed by McDade, therefore, may be postponing the negative 
effects of higher chronic inflammation levels, rather than guaranteeing a 
permanent protective effect. 

The Gompertz-model I discussed in chapter 5 and 6 in my opinion fits 
this hypothesis. It is a model for describing survival curves (as discussed 
in section 1 of the discussion) but may be well suitable for describing an 
underlying universal biological mechanism of ageing. With the model an 
aging effect is described with an exponential function, which reveals the 
time point at which this underlying mechanism becomes most relevant in 
this model. This is illustrated in Figure 1 (right side), where at age +/-60 the 
“bending point” precedes the steepest descent of the survivorship curve. 
The exact bending point may be different between cohorts and between 
species. Hypothetically, this means that even though a certain exponential 
increase in systemic inflammation during life is fixed (“programmed”) for 
a particular population, the time point at which this becomes clinically 
relevant is different for each individual. This, in my opinion, may depend 
both on genetics, as well as on “environmental training” of the immune 
system as proposed by McDade (McDade et al. 2012a).

Figure 1: a theoretical model on inflammation and ageing. The left side of the figure (figure 
based on Fig. 3 proposed by McDade (2012a), with slight modification) represents the 
development of the immune system during infancy and adulthood. Note that more frequent 
stimuli and higher microbial exposure lead to more powerful but shorter responses in 
adulthood, whereas lower exposure and less stimuli lead to less effective responses with 
less effective regulatory mechanisms, enhancing chronic (low-grade) inflammation. 
The right side represents my hypothesis (for details see text) of these effects in later life, 
illustrated by earlier / later onset of the “bending point” thus influencing the point at which 
chronic inflammation becomes clinically relevant.

as more episodes of diarrhea, more frequent exposition to animal feces or 
pathogens in standing water leads to significantly lower levels of serum 
cytokines and CRP in adulthood. Significantly lower baseline serum CRP 
levels are found in populations with high frequencies of exposure to these 
stimulisuch as those from the Philippines in comparison with the United 
States of America, even when differences in adult adiposity are statistically 
taken into account (McDade et al. 2012b). Apparently, the immune system 
learns from repeated stimulation in that frequent exposures help to optimize 
the process of “turning on” the immune cascade when necessary and to 
“switch off” as soon as possible.This more effective immune system helps to 
prevent damage to the body through unnecessary exposure to inflammation 
and leads to significantly lower levels of serum cytokine levels and CRP 
throughout life. As mentioned, such lower levels of low-grade inflammation 
could favor positive health outcomes in terms of lower incidences of aging-
related disorders. Possible clinical implications of this theory in terms of 
disease outcome are provided by Prins et al. (2016). Here, a Mendelian 
randomization study was performed that uses multi-SNP genetic risk scores 
of CRP as instrumental variables to study the causal role of CRP in a wide 
range of chronic disease outcomes. No apparent causally increased risk of 
CRP levels on these outcomes was demonstrated, but, interestingly, a higher 
lifelong exposure to CRP as indicated by a higher genetic risk score provides 
a potentially causal protective effect on the development of schizophrenia.
The explanation of this unexpected protective effect may be analogous to 
the model from McDade explained above in that a higher cumulative CRP 
exposure” in youth “trains” the immune system and offers protection against 
the onset of schizophrenia in late adolescence or early adulthood. Similar 
results and interpretations are described in a recent paper of Hartwig et al. 
(2017). 

A study by Arai and colleagues (Arai et al. (2015)) confirm the role of low-level 
inflammation as a strong predictor of survival, cognition and capability in 
old age. Even though centenarians themselves have high levels of systemic 
inflammation markers, these individuals apparently age slower, hypothetically 
due to lower levels of inflammation in child- and adulthood. This is supported 
by the observation that offspring of centenarians have significantly lower 
levels of inflammatory markers compared to non-centenarian offspring. 
Thus, there seems to be a significant genetic component in this mechanism, 
but genetics can probably only account for part of this relationship. In 
terms of “environmental components”, again McDade’s model may well be 
applicable here, since early (childhood) exposure to pathogens is likely to 
be part of the shared family environment. In terms of McDades model this 
hypothetically means that pathogen exposure could lead to lower serum 
cytokine and CRP levels in adulthood, offering a protective mechanism 
against ageing and increasing the probability to become “centenarian” 
(figure 1, left side). Still high levels of inflammation are observed at old age 
(Arai et al., 2015), which increases the risk of sickness and death, but the 
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In chapter 5, the term “frailty” has also been introduced as a way to 
understand the ageing process underlying the Gompertz model (Gompertz, 
1825). Frailty is defined as the lack of “reserve capacity” of our body; the 
ability to counter disturbances of our internal environment like infection, 
disease and (ultimately) death (Fried et al. 2001; Schuurmans et al. 2004; 
Strawbridge et al. 1998). Measurements of frailty include decline in muscular 
strength, unintentional weight loss, fatigue, low physical activity level, and 
slow walking speed (Fried et al (2009). Frailty is considered to be the result 
of a complex interplay of genetic and environmental factors in an individual, 
all adding up to risk of developing disease and death. In the context of 
the Gompertz model, a population survival curve may reflect the lifelong 
decrease in “reserve capacity”, and thus increasing frailty.

An interesting feature of this approach, is that the rapid development of 
frailty during midlife apparentlyis followed by a deceleration at old age. This 
latter effect is reflected in the “tail” of the survival curve in Figure 2. In the 
context of my thesis, this could mean that over life, an increase in low-grade 
inflammation is associated with accelerated ageing and enhanced mortality 
risk. The tail of the curve may represent individuals with a delayed onset 
of the increase of inflammatory marker levels with age, as discussed above. 
This idea is supported by the findings of Arai et al. (2015), where suppression 
of chronic inflammation was predictive of (extreme) old age, cognition and 
capability in centenarians.

Figure 2: Survival curve of the total Dutch population (CBS, 2003. Sas et al. (2012a)

In his paper, McDade legitimately asked the question: “Is inflammation a 
silent killer?” (McDade (2012a)). This question has not been fully answered 
to date. As pointed out in the current thesis, there is a well-established 
relationship between inflammation and disease, in which both genetic and 
environmental factors play their part. But the main question remains: Should 
non-clinical inflammation, defined as chronic low-grade inflammation, be 
regarded as causal for the development of age related diseases? Or is it 
merely an innocent bystander of the (sub)clinical disease process, which is 
accompanied by systemic low-grade inflammation and, therefore, predictive 
for the development of disease? What data and study designs do we need 
to further investigate this issue? And what could be the possible (clinical) 
implications of the findings in my thesis? I will discuss these questions in 
the next sections.

Relationship between inflammation markers and age-related chronic 
disease: Predictive or causal?

Among the possible causes of unhealthy ageing, the role of inflammation has 
been discussed extensively before in the literature as well as in this thesis. 
It is clear that inflammatory processes play an important role in ageing and 
the development of disease. But the most important and intriguing question 
largely remained unanswered. There are two alternatives:
1) Is there a causal relationship between serum levels of inflammation 

markers and ageing and, consequently, age-related diseases? Or 
2) Is their potential predictive value merely a reflection of the underlying 

disease process?

In order to analyze and discuss this matter in more detail, I will use illustrative 
literature on the relationship between inflammation and cancer, psychiatric 
disorders and CVD.

Cancer and CVD constitute the most important causes of death in Western 
societies (Luc et al. (2003)). For cancer, there is a strong relationship 
between inflammation marker levels and a variety of immunological 
cancers such as lymphoma, multiple myeloma (i.e. Kahlers Disease) and 
leukemia, as well as non-immunological cancers such as colon carcinoma 
(Aggawar et al. 2006, Lu et al. 2006). In other types of cancer, a positive 
association with inflammatory markers such as IL-6 and CRP has also 
been found. However, it remains unknown whether this points to a causal 
relationship (Heikkila et al. 2008). Two possible explanations for this lack 
of knowledge on causal relationships are mentioned in the literature. First, 
it may be due to insufficiently powered prospective studies (Singh et al. 
2011) or second, these causal relationshipsmay simply not exist. This would 
imply, that elevated cytokine and CRP levels are merely a reflection of low-
grade inflammation seen when someone is diagnosed with a disease and, 
therefore, can be considered a consequence rather than cause of the disease.
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In the literature, the relationship between inflammation markers and 
psychiatric disorders has been studied extensively as well (Turiano et al. 
2013). In chapter 4, I investigated the shared genetic and environmental 
factors between neuroticism, a risk factor for psychiatric disorders, and 
CRP, fibrinogen and IgG (Sas et al. (2014)). Neither evidence of a correlation 
between neuroticism and immunological markers nor shared genetic and 
environmental influences on this relationship were observed. If neuroticism 
would have had a causal role at least some degree of overlap would have 
been expected. However, the study sample to address this question was 
relatively small and therefore possibly lacked power to pick up effects. Prins 
et al. (2016) used Mendelian randomization to study causal relationships 
between CRP and a variety of somatic and psychiatric outcomes. Here, 
again, no significant causal relationships were found, with the notable 
exception of a putatively causal protective effect of CRP on the development 
of schizophrenia. This could Indicate that (at least for some psychiatric 
disorders) a causal effect of prior inflammation may exist.

The role of inflammation markers as potential predictors of CVD has been 
well established (Golia et al., 2014, Singh et al., 2011, McManus et al., 2013). 
The development of CVD is mainly driven by atherosclerosis. A deterioration 
process caused by fatty depositions (i.e. cholesterol) sticking to the blood 
vessel wall, which in turn cause chronic low-grade inflammation (Libby et 
al. 2002). That is, the atherosclerotic process promotes the attraction of 
macrophages and an increase CRP and fibrinogen-levels through increases 
in IL-6 levels and the soluble IL-6 receptor (IL6R). This mechanism has been 
proven to be a causal mechanism, even after ruling out CRP and fibrinogen 
as possible mediators of IL6 levels (Swerdlow et al. 2012). Moreover, 
increased IL-6 levels have been associated with an increased risk of CVD 
(Ridker et al. (2000), Danesh et al. (2008), Sattar et al. (2009)). In a Mendelian 
randomization analysis, Swerdlow et al. (2012) reported that carriers of 
a genetic marker for IL6R had lower CRP and fibrinogen levels and lower 
odds for developing CVD. In my opinion, this mechanism provides a clue 
regarding causal mechanisms in the development of CVD and even provides 
room for a potential therapeutic intervention. This means, although highly 
speculative, that IL6R is a potential clinical target for future medication in 
order to keep CRP and fibrinogen levels low and in this way reduce risk for 
developing CVD.

In chapter 2 and 3, the genetic and environmental influences on serum 
cytokine and CRP levels were studied in twins. In Chapter 2, I reported 
on different genetic and environmental influences at different ages for 
IL-1β and TNF-α. Furthermore, in chapter 3, I reported on changes in 
environmental influences on CRP over time. Although I did not look at the 
use of these markers as predictors of healthy ageing or the development 
of disease, it could be hypothesized that changes in unique environmental 
influences are due to aging related increases in discordance between twins 

of a pair. This means that a strict genetic regulation of serum cytokine and 
CRP levels as markers of accelerated ageing and adverse disease outcomes 
is less plausible. However, the importance of genetic influences transpired 
in chapter 3 as well, since relatively high and stable genetic correlations 
were observed with age. It seems that the regulation of CRP levels results 
from partly stable and partly varying genetic factors while the influence of 
the environment is mostly due to different factors over time. 

Could serum inflammation marker levels be predictive, or even causal, 
for CVD? Based on the arguments described above, I think they do. As 
pointed out, a clear connection between IL6 and IL6R levels and CVD is 
established (Swerdlow et al. (2012)). Regarding its clinical implications, it 
is a matter of figuring out how to implement this knowledge in effective 
interventions. Could the use of “simple” non-steroidal anti-inflammatory 
drugs (NSAIDs) be sufficient to provide a beneficial effect (“one Ibuprofen a 
day keeps the doctor away”), or should a more aggressive therapy (in terms 
of immune suppression) be initiated to achieve a significant result in terms 
of decreasing CVD development? If so, the risk of possible unfavorable side 
effects (immune deficiency, opportunistic infections) should definitely be 
taken into account.

Implications and future research

So, where to go next? What can be learned from these findings and in which 
direction should research continue in order to understand and prevent the 
premature development of agerelated diseases? It is necessary to unravel 
the genetic and environmental influences underlying baseline serum 
inflammatory markers further, also looking at its relationship with the 
development of, or protection against, age-related disease. In this section, I 
would like to point out three topics, that provide some directions for further 
research and potential clinical implications. 

First, McDade’s point of view on development of the immune system is an 
interesting starting point. What happened during aging with the young 
individuals he studied in later life? Could his theory be the basis for people 
to remain more healthy and possibly become centenarians? Centenarians 
seem to benefit from a better regulation of their immune system, leading to 
a later onset of aging related deregulation of the immune system. Microbial 
exposures in early life lead to a “catch-up event” in later life, which still 
implies the same health risks as in average individuals, but this simply 
happens at a later time point (McDade et al. 2012a, Arai et al.2015). Two 
interesting questions arise from this topic, which should be looked at in 
future research:
1) Is this later-onset of aging related immune deregulation compatible 

with McDade’s theory? Do centenarians benefit from an intensive 
“training” of their immune system at an early age?
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2) Is this “catch-up event” compatible with my hypothesis on describing 
biological ageing principles by survival curves? And, even more 
interesting, does an exponential function which kicks in in later life 
(i.e. predicted by Gompertz law), account for the later or earlier onset 
of ageing related deregulation of the immune system?

In order to answer these questions, a retrospective (case-control like) 
study among centenarians and non-centenarians could be helpful to assess 
predictors of healthy ageing. In the present context, the study in particular 
should focus on sickness as a child suffered from and (lack of) hygienic 
circumstances when growing up (question 1). This could be done through 
questionnaires in which demographic data on place of birth (city? farm?) 
and socio-economic status of the family (predictor of hygienic standards 
/ clean environment) could easily be questioned through the offspring of 
centenarians, even if their parents are no longer alive.
Question two is also complicated to answer. First of all, the effect of hygiene 
/ sickness on the survival curve should be tested (starting of the “bending 
point, see Figure 1) as described in the section regarding question 1 above. 
After that, additional analyses through modeling of survival curve data (as 
been discussed in chapter 5 and 6) could be done by using cross-sectional 
data (age - death) with stratification through (for example) hygienic standards, 
sickness as a child (frequency) and test whether these survival curves can 
adequately be modelled by a mathematical (exponential) function (in the 
present context Gompertz Law). An alternative approach is through in vivo 
models (animal studies), where the young animals are raised in different 
hygienical regimes (microbial expositions). Through further observations in 
adulthood and again through survival data one can assess the plausibility of 
McDades theory as well as the capability of describing the survivorship data 
through Gompertz Law.

The genetic and environmental influences on the regulation of levels of 
inflammatory markers during aging is the second topic. As pointed out, I 
demonstrated moderate to high heritability’s ofIL-1β, IL-6, IL-10, TNF-α, CRP, 
IgG and Fibrinogen (Table 1). But how do genetics help us fight disease? In 
my opinion, the final perhaps utopian result of research on this topic should 
lead to a clinical lab test which reveals a genetic risk score for an age-
related disease using only a single drop of blood. Following the presented 
results and discussion in my thesis, this could work through (genetic risk 
scores of) serum cytokine levels (higher levels, higher risk). Persons who 
are more “at risk” could then be offered to prophylactically take anti-
inflammatory drugs to lower serum cytokine levels, thus reducing risk of 
developing aging related disorders. One could argue that for most diseases 
(cancer, CVD) a lot is already known on genetic factors and a lot of predictive 
testing can be done, including assessment of genetic risk scores (Knowles & 
Ashley, 2018), but the addition of a genetic inflammation risk score may be 
cost effective and predictive of multiple diseases. Ultimately a single test 
could give information of the genetic propensity for high levels of chronic 

inflammation and may aid clinical decision making in combination with 
comprehensive assessment of risk profiles and environmental exposures, 
i.e., measures on lifestyle.

Genome Wide Association Studies (GWAS) are used to identify Single 
Nucleotide Polymorphisms (SNPs) contributing to the regulation of serum 
levels of inflammatory markers. These SNPs can be used in causal research 
on the relationship between serum cytokine levels and age related diseases 
as was done for CRP-levels and schizophrenia, discussed above (Prins et 
al. 2016)). In addition, causal relationships between inflammation markers 
and ageing (“inflammageing”) can be studied using genetic risk scores 
as instrumental variables. To date, GWAS are already performed on CRP, 
fibrinogen, IL-6 and TNF-α (Prins et al. 2016, Sabater-Lleal et al. 2013, Ridker 
et al. 2008, Dehghan et al. 2011). For IgG, IL-10 and IL-1β currently no GWAS-
results exist. In my thesis I focused on only a small number inflammation 
markers, whereas a lot more are known and can be studied. It is clear that 
more information is needed on the exact relationship between serum 
inflammatory marker levels and aging related development of disorders. 

A final topic of interest that arises from my discussion, is on the potential 
protective effects of (anti-inflammatory) drugs on the risk of developing 
aging related disorders. In this context, the benefits of statins on the 
development of CVD (through lowering serum cholesterol levels) is well 
established (Bertrand & Tardif, 2017). Recent findings suggest however that, 
interestingly, statins have pleiotropic effects (including anti-inflammatory 
properties) which could lead to reduction of cardiovascular risk regardless 
of their hypolipidemic effects (Braunwald, 2012, Schönbeck& Libby, 
2004). The role of “strictly” anti-inflammatory drugs remains controversial 
however. The benefits of, for example, Methotrexate (Micha et al. 2011) 
and Colchicine (Crittenden et al. 2012) have been studied, showing a 
substantial benefit in terms of reduction of cardiovascular risk in patients 
with rheumatoid arthritis, psoriasis, polyarthritis and gout. These results 
are not generalizable to healthy subjects however, since only patients with 
“abnormal” (chronic) inflammatory responses are included. Also, there have 
been trials on evaluating the effects of new drugs (including therapies 
targeting specific inflammation markers through monoclonal antibodies) 
on cardiovascular risk. In this context, the CANTOS-Trial evaluates the 
effectiveness of Canakinumab on reducing cardiovascular risk (Ridker et al. 
2017). Canakinumab is a monoclonal IgG1 antibody targeting specifically 
IL1β. Results are promising, showing a significant decrease in both incidence 
of myocardial infarction and CRP levels. Disadvantages however are its 
association with serious infections including sepsis, as well as potentially 
accelerated proliferation of existing cancers and metastasis through 
blockage of the natural (beneficial) properties of IL-1β (Galis et al. 1994, Li 
et al. 2012). 
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The brief summary above makes clear that inflammation is a potential 
therapeutic target in terms of reducing cardiovascular risk (and thus ageing). 
The main challenge for the nearby future, in my opinion, is to identify anti-
inflammatory agents, either known or yet to be developed, which cause 
minimal harm in terms of unwanted (side) effects as described above, but 
still have a maximal protective effect. Could this be by taking “good old” 
Aspirin and Colchicin, or do we absolutely need new drugs like Canakinumab? 
Probably, the truth will be somewhere in the middle. In my opinion, if a 
person is to receive these drugs it is a matter of setting clear indications 
and contra-indications for each drug. Which patient can receive which drug, 
with maximal benefits, but without the risk of harming them through side 
effects and complications of the treatment? Some (perhaps “healthier”) 
patients can be given more agressive therapies if deemed beneficial (like 
Canakinumab) since they can cope with the potential side effects better as, 
for example, older (frail) patients. 
I would like to end this discussion with a cautionary note. Even if we are 
able to develop an “anti-aging pill”, treating people properly will not be that 
easy in my opinion. We must realize, that in terms of disease prevention, the 
downsides of treating healthy individuals without any symptoms must be 
carefully considered. This means that apparently healthy people are forced 
to take drugs (after a certain age, or even lifelong), in order to achieve some 
benefit later in life, even though at the moment of starting the therapy there 
may not be any obvious signs of pathology yet. As a physician, I know that 
compliance in medication use is a big issue for most people. Two examples 
are blood sugar monitoring and insulin treatment in kids and (young) adults, 
or adults who refuse to take pain medication because “they are not fond of 
painkillers”. Even when we find out about the exact mechanisms and exact 
therapeutic targets, getting people to take these drugs could probably be an 
even bigger challenge then identifying our “miracle drug”.
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and 740 dizygotic twins. Heritabilities on IL-1β, IL-6, IL-10 and TNF-α were 
estimated using structural equation and shown to be moderate, ranging 
from xx to xx.

In addition, twin studies not only provide estimates of the relative 
contribution of genetic and environmental influences. They also allow 
exploration of interaction models, for example a gene-age interaction. This 
model directly incorporates age as a continuous moderator and allows to 
estimate whether and to what extent the A (or D), C and E components on 
a trait of interest are modified by age and was also evaluated in chapter 
2. For IL-1β, heritability declined with age due to an increase in unique 
environmental influences. For TNF-α, heritability increased with age due to 
a decrease in unique environmental factors.Although longitudinal studies 
are the gold standard for studying changes in serum cytokine levels and 
variance components over time, such studies are difficult to conduct as they 
are time consuming and expensive to establish. By using age as a moderator 
of genetic and environmental influences, the statistical models allowed us 
to mimic longitudinal outcomes in a cross-sectional dataset.

In chapter 3, we used a “real” longitudinal twin study to estimate heritabilities 
on CRP, as well as the genetic correlations at different timepoints (visits). 
This is in contrast to chapter 2, were a cross-sectional dataset was used 
to mimic these longitudinal outcomes. Heritability estimates for CRP were 
around 50% at all three time points, and thus very stable over time (0.46–
0.52). Adjustment for BMI only slightly reduced heritability estimates (0.49–
0.51). CRP levels significantly increased from visit 1 to visit 2 and between 
visit 1 and visit 3, but not between visit 2 andvisit3. The genetic correlations 
between visits were significantly smaller than one, ranging from 0.66 (visit 
1 – visit 3) to 0.85 (visit 2–visit 3). These findings indicated that a large 
part of the genetic influences over time could be attributed to the same 
genes. However, partly different genes regulating CRP levels also impact 
at different time-points in an individual’s life course. Although significant, 
the environmental correlations between visits were consistently low (0.16 
– 0.27) indicating that the environmental influences on CRP were mostly 
different at the three time points.

The personality trait neuroticism is an important marker of vulnerability for 
both mental and physical disorders, e.g. anxiety, depression, atopic eczema, 
cardiovascular disease and (ultimately) mortality, which to a large extent are 
the same mental and physical disorders as related to inflammatory markers. 
In chapter 4, the phenotypic and genetic relationship between neuroticism 
and three commonly used inflammatory markers (CRP, fibrinogen and IgG) is 
determined. The study was conducted in 125 Dutch female twin pairs. For 
each participant, four different neuroticism scores and serum levels of the 
abovementioned inflammatory markers were available. 

In a broad perspective, the lifecourse of most organisms is highly 
comparable. This means birth, followed by a period as a child, adolescent, the 
reproductive and post-reproductive phase and –ultimately- death. How this 
endpoint is reached however (e.g.,length and timing of the aforementioned 
phases, diseases organisms develop and –ultimately- cause of death) varies 
widely between individuals. For humans, these “moderators of lifespan” can 
be divided into genetic influences (or genetic predisposition) on the one 
hand, and non-genetic influences (e.g., environmental influences and (risk)
behaviours)on the other hand. In order to further clarify these moderators 
the use ofbiomarkers for quantifying the status or speed of ageing has been 
evaluated in an attempt to identify individuals who are more prone to age-
related pathology. In this context, it has been demonstrated that ageing is 
associated with a low-grade elevation of inflammatory markers, attributed 
to the deregulation of immune and inflammatory pathways with ageing. In 
accordance with these findings, it has been shown that chronic inflammation 
predisposes to morbidity and mortality from many chronic, age-related 
diseases (such as chronic pulmonary and cardiovascular disease).

The synthesis and regulation of serum levels of inflammatory markers has 
been extensively studied, showing the significance of both environmental 
and genetic influences in this process. Optimal study designs to assess these 
influences as well as possible “moderators” are classical twin studies. These 
types of studies typically use variance component models, also known as 
structural equation modeling. Twin methodology allows estimation and 
quantification of the relative contribution of genes and environment to 
the disease or trait of interest. The classic twin study design is based on 
the idea that two kinds of twin pairs exist. Monozygotic (MZ) twins are 
genetically “equal”; any phenotypic differences between them are due 
to their differential environments. Dizygotic (DZ) twins are genetically 
no more comparable than siblings (which share on average 50% of their 
segregating genes). The actual variance component analysis is based on the 
comparison of the variance-covariance matrices in MZ and DZ twin pairs, 
and allows separation of the observed phenotypic variance into its genetic 
and environmental components: additive (A) or dominant (D) genetic 
components and common (C) and unique (E) environmental components 
(E also includes measurement error). In general, any greater phenotypic 
similarity among MZ twins compared with DZ twins reflects the importance 
of genetic influences,assuming that both types of twins share environmental 
influences to the same extent. 

In chapter 2, the relative influence of genetic and environmental factors 
on four key cytokines involved in the human immune response (IL-1β, IL-6, 
IL-10 and TNF-α) was assessed. In addition, the role of age as a possible 
moderator on these influences was evaluated. The study was conducted 
in 1,603 females from the Twins UK registry, including 863 monozygotic 
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Heritabilities, phenotypic and genetic correlations were estimated using 
bivariate structural equation modeling. We tested the hypothesis that, 
considering their similar effect on health and apparently ageing, phenotypic 
and genetic correlations must be significant between neuroticism and the 
aforementioned inflammatory markers.
Heritabilities were fair for neuroticism (0.55), CRP (0.52) and fibrinogen (0.67) 
and moderate for IgG (0.43). However, no significant phenotypic or genetic 
correlations were found between neuroticism and the inflammatory markers 
in these healthy female twins. As no phenotypic or genetic overlap between 
neuroticism scores and serum cytokine levels were found, higher neuroticism 
levels are not associated with higher inflammation. One explanation of 
the observed relationship between neuroticism and inflammation markers 
as reported in the literature could be that confounding factors such as 
stressors and risk behavior are associated with higher neuroticism scores 
as well as higher serum levels of inflammatory markers. This illustrates the 
importance of testing the influence of potential confounders influencing 
baseline levels of inflammatory markers. In accordance, in all of the studies 
in the present thesis the effects of established covariates on the data were 
assessed and statistically corrected for.

In chapters 5 and 6, it was argued that Gompertz’ demographic law on 
survivorship can be used as a simple and generally applicable “law of 
ageing”, by applying the principle of ergodicity. In this context, a (cross-
sectional) population survival curve hypothetically reflects the longitudinal 
ageing process in a single, average prototypical organism of that population.
We demonstrated in these chapters that mathematical formulas describing 
these data accurately describe survival curves (both human and animal), as 
well as common age-related pathologies such as colon and prostate cancers. 
An interesting feature however, is that with these curves we were not able 
to describe incidence data of external causes of pathology and death as 
illustrated by (for example) cervix cancer data (caused by an infection of 
the human papilloma virus (HPV)). This could hypothetically mean, that 
a cross-sectional population survivorship curve reflects a basic, intrinsic 
longitudinal biological ageing process in a prototypical individual.

The results of the present thesis indicate a strong genetic component 
in the regulation (and deregulation) of inflammatory markers with age. 
Nevertheless, environmental components also play an important role in 
this. This implies that individuals (and therefore families) at risk of higher 
inflammatory markers could be a target for future (anti-inflammatory) 
treatment, to reduce old-age morbidity and mortality.
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heritability minder werd met de leeftijd, doordat de unieke omgevingsfactoren 
belangrijker warden. Bij TNF-α was dit omgekeerd, de heritability werd hoger 
met de leeftijd doordat  de unieke omgevingsfactoren minder belangrijk 
werden. 
De gouden standaard bij dergelijke studies is nog altijd een longitunidale 
studie (in plaats van onze cross-sectionele studie). Deze studies zijn echter 
duur en kosten veel tijd (follow-up). Met deze aanpak en modellen kunnen 
toch longitudinale data worden geextrapoleerd uit een cross-sectionele 
dataset, zodat kosten en tijd gespaard kunnen worden.

In hoofdstuk 3, gebruikte ik een volwaardige longitudinale studie (in 
tegenstelling tot hoofdstuk 2, cross-sectionele dataset) om de heritability 
van CRP te beschrijven, alsmede de genetische correlaties tussen 
verschillende tijdpunten (na-onderzoeken). De heritabilities waren ongeveer 
50% tijdens alle drie follow-up momenten en erg stabiel over de tijd 
(0.46 – 0.52). Corrigeren voor Body Mass Index (BMI) gaf een iets lagere 
heritability schatting (0.49 – 0.51). De CRP-waarden waarden zijn over de 
leeftijd significant hoger geworden, de genetische correlaties varieren 
tussen 0.66 en 0.83. Dit betekent, dat de regulatie van CRP-waarden over 
de tijd grotendeels op dezelfde genen terug te voeren is. Correlaties van de 
omgevingsfactoren waren laag, wat betekend dat deze factoren het meeste 
wisselen over de tijd. 

Neuroticisme is een “personality trait” en een belangrijke marker 
voor vatbaarheid voor mentale en fysieke stoornissen, bijvoorbeeld 
angststoornissen, depressie, maar ook atopisch eczeem, hart- en 
vaatziekten en (uiteindelijk) sterfte. Deze stoornissen zijn grotendeels 
dezelfde stoornissen gerelateerd aan leeftijdsgerelateerd hogere 
onststekingswaarden. In hoofdstuk 4 hebben we de fenotypische en 
genetische relatie tussen neuroticisme en drie ontstekingsfactoren (CRP, 
fibrinogen en IgG) bestudeerd. Hiervoor zijn 125 nederlandse vrouwelijke 
tweelingenparen gebruikt. Voor elke deelnemer waren neuroticisme-scores, 
en plasmaspiegels van CRP, Fibronigeen en IgG bekend. Met hulp van een 
bivariate structural equation modelling heb ik Heritabilities, fenotypische 
en genetische correlaties geschat. Gezien het vergelijkbare effect van 
neuroticisme en ontstekingswaarden op gezondheidsoutcomes (ziekte, 
dood) heb ik de hypothese getest dat gezien hun gelijke uitwerking er een 
significante overeenkomst moest zijn in genetische en omgevingsfactoren.
Heritabilities waren significant en redelijk (neuroticisme 0.55, CRP 0.52, 
fibrinogeen 0.67, IgG 0.43). Er werd geen significante overeenkomst 
van  genetische of omgevingsfactoren gezien tussen neuroticisme en 
bovenstaande ontstekingsstoffen. Met andere woorden: hogere neuroticisme 
scores zijn niet onlosmakelijk verbonden aan hogere ontstekingswaarden. 
Een verklaring hiervoor is bijvoorbeeld dat de relatie gestuurd wordt 
door confounders, die zorgen voor zowel hogere neuroticisme scores als 
ontstekingswaarden (risico gedrag, stressoren). Ik wil naar aanleiding van 

Door de band genomen, is het leven van verschillende organisen vergelijkbaar. 
Dit beketend de geboorte, kindheid, adolescentie, volwassenheid 
(voortplanting) en uiteindelijk de dood. Hoe dit proces verloopt en hoe een 
organisme aan zijn “einde komt”, wisselt sterk tussen verschillende soorten. 
In het geval van de mens kunnen deze moderatoren onderverdeeld worden 
in genetische invloeden (genetische predispositie) en niet-genetische 
invloeden (omgeving). Om deze moderatoren beter in beeld te brengen, zijn 
kwantificeerbare biomarkers om veroudering te meten onderzocht, om zo 
individuen die gevoeliger zijn voor veroudering en verouderingsziekten te 
identificeren. Veroudering is geassocieerd met een geleidelijke ontregeling 
van het immuunsysteem (“low-grade” inflammatie) en het geleidelijk stijgen 
van plasmaspiegels van deze waarden met de leeftijd. Logisch gevolg 
hiervan is dat stijgende plasmaspiegels van ontstekingswaarden met de 
leeftijd predisponeert voor de ontwikkeling van diverse ouderdomsziekten 
(chronische hart-, vaat- en longziekten).

De synthese en regulatie van ontstekingswaarden is uitgebreid onderzocht en 
beschreven, in dit proces word het belang van zowel genetische als omgevings 
invloeden onderstreept. De beste studies om deze factoren te bestuderen zijn 
tweelingstudies. Deze modellen gebruiken “variance components modellen”, 
beter bekend als “structural equation modeling”. Tweelingstudies kunnen 
helpen onderscheid te maken tussen (en kwantificeren van) genetische 
en omgevingsinvloeden. Klassieke tweelingstudies gebruiken het verschil 
tussen monozygote (MZ, eeneiig, 100% genetisch gelijk) en dizygote (DZ, 
tweeeiig, 50% genetisch gelijk) om genetische en omgevingsinvloeden te 
beschrijven. De analyse gebeurt is gebaseerd op de varantie-covariantie 
matrix tussen MZ- en DZ-tweelingen, op deze manier is de fenotypische 
variantie onder te verdelen in additieve (A) of dominante (D) genetische 
invloeden, overeenkomstige (C) en unieke (E) omgevingsinvloeden. Indien 
onder de MZ-tweelingen grotere gelijkenis is als onder de DZ-tweelingen 
(correlatie) spreekt dit voor meer genetische invloeden (ervan uitgaande dat 
de omgeving van beide tweelingen grotendeels gelijk is). 

In hoofdstuk 2, heb ik de relatieve invloed van genetische en omgevings 
invloeden op 4 hoofdrolspelers in het immuunsysteem van de mens (IL-1β, 
IL-6, IL-10 and TNF-α) onderzocht. Ook de rol van leeftijd als een moderator 
op deze invloeden heb ik onderzocht. De studie is gedaan in een populatie 
van 1.603 vrouwen (863 MZ en 740 DZ tweelingen) uit het Twins UK registry. 
De heritability (erfelijkheid) van deze markers lag naar schatting tussen 0.17 
en 0.33.

Met betrekking tot de rol van leeftijd als moderator op genetische en 
omgevingsfactoren, heb ik middels “gene-age interaction modellen” een 
schatting te krijgen in hoeverre de A (of D), C en E componenten door de 
leeftijd positief of negatief beinvloedt worden. Bij IL-1β zagen we dat de 
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dit onderzoek dan ook op de noodzaak van een grondig vooronderzoek 
wijzen, om eventuele confounders en covariaten er uit te pikken en hier in 
de analyse rekening mee te houden. In navolging hierop, hebben wij voor 
alle studies in mijn thesis dergelijke analyses doorgevoerd en waar nodig 
gecorrigeerd. 

In hoofdstuk 5 en 6, zetten wij uiteen dat “Gompertz’ Law on survivorship” 
(vrij vertaald Gompertz’ wet voor het beschrijven van overleving, leven 
en dood) te gebruiken is als een simpele en algemeen toepasbare “wet 
voor veroudering” door het ergodiciteitsprincipe toe te passen. Wij 
beargumenteren dat op deze manier een cross-sectionele survival curve 
(leeftijd – dood/levend) kan worden gezien als een longitudinale grafiek 
welke het verouderingsproces beschrijft in een enkel, representatief en 
gemiddeld individu. 
De gebruikte formule in Gompertz’ law was in staat om allerlei overlevingsdata 
van verschillende organismen nauwkeurig te beschrijven. Ook grafieken met 
incidentiedata van ouderdomsgerelateerde ziekten (colon-, prostaatkanker) 
konden met deze formule nauwkeurig beschreven worden. Interessant is 
dat de formule niet toepasbaar is op niet-ouderdomsgerelateerde ziekten 
zoals bijvoorbeeld cervix-carcinoom (HPV-geassiocieerd). Onze hypothese 
voortkomend uit deze data was dat door deze aanpak, een cross-sectionele 
survival curve een afspiegeling is van een basaal, intrinsiek longitudinal 
verouderingsproces van een gemiddeld organisme van de betreffende soort.

De resultaten van mijn thesis geven aanwijzingen voor de aanwezigheid van 
een sterke genetische component in de regulatie (en deregulatie op oudere 
leeftijd) van de productie (en spiegels) van ontstekingsmarkers. De rol van 
omgevingsfactoren hierin is echter ook niet verwaarloosbaar. Wij hopen dat 
met deze kennis individuen (en families) met hogere ontstekingswaarden 
(en dus een hoger risico op ziekte en daaropvolgende dood) te identificeren 
en te behandelen (mogelijk met ontstekingsremmende medicatie) en zo 
ouderdomsziekten en sterfte terug te dringen. 
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Een man mag zich extreem gelukkig prijzen, als hij zoveel mensen om zich 
heen heeft om te bedanken in een dankwoord, dat hij niet weet waar hij 
beginnen moet (Arthur Sas, 2019).

Ik had wel eens van collega’s gehoord, dat een promotietraject (en het 
afronden van het proefschrift) een aanslag is op je tijd, je geduld en je 
prive-leven, en dat ze het nooit weer zouden doen. “Dat zal wel meevallen”, 
dacht ik. 10 jaar na het begin van mijn promotietraject (!!) moet ik deze 
collega’s echter gelijk geven. Ik heb ontzettend veel plezier beleefd aan mijn 
onderzoek, er met veel liefde aan gewerkt, maar op het einde is het toch 
een echte slijtageslag geworden. Het einddoel (promoveren, de Dr. Titel, 
verdedigen van mijn proefschrift) heb ik meerdere keren uit het oog veroren, 
maar door veel toewijding van mijn begeleiders (zie hieronder) en steun van 
familie en vrienden uiteindelijk toch bereikt. Dit boekje is de verdienste van 
jullie allemaal, waarvoor mijn grote en hartelijke dank aan iedereen die op 
zijn of haar manier een bijdrage heeft geleverd.   

Op de ALLEReerste plaats gaat mijn dank uit naar professor Snieder (Harold) 
en Dr. Riese (Harriette). Ik ken geen mensen (behalve mijn vrouw en mijn 
ouders ) die zoveel geduld hebben gehad met mij, zoveel gemiste deadlines 
door de vingers hebben gezien, en  (zeker in de afrondende fase van mijn 
promotieproject) mij elke keer wisten te prikkelen om toch weer aan de slag 
te gaan en door te werken aan dit proefschrift. Met name het verdedigen 
van mijn proefschrift zag ik enorm tegenop. Door hun inzet mag ik toch op 
11-02-2018 voor jullie staan en dit proefschrift (waar ik enorm trots op ben) 
verdedigen. Ik ben Harold en Hariette enorm dankbaar voor hun steun, hulp 
en geduld. Ook wil ik professor Korf (Jaap) bedanken, voor zijn hulp en inzet 
in de beginfase van mijn onderzoek en de MD/PhD aanvraag. Hij heeft mij 
met Harold in contact gebracht, zonder zijn inbreng was het waarschijnlijk 
nooit tot een MD/PhD-project (en dit proefschrift) gekomen. 

Een team aan begeleiders is onmisbaar, maar zonder een stabiele basis en 
een “team” thuis kom je niet ver. De stabiele factor in mijn leven heb ik 
gevonden in mijn vrouw Laura. We hebben met zijn tweeën enorm veel 
meegemaakt de afgelopen jaren. Alleen al in de tijd dat ik thuis heb gezeten 
(na meerdere ongelukken en verwondingen, maar dat weet iedereen wel 
) heb ik het haar erg lastig gemaakt met mijn ongeduld en humeur. Maar 
hier zijn we doorheen gekomen, sterker en stabieler dan ooit. We hebben 
twee prachtige, gezonde dochters gekregen (Danique en Fenna) en hebben 
we in 2014 een geweldig huwelijksfeest gehad. Dankjewel Laura, voor 14 
geweldige Jaren (tot nu toe), ik hou van jou!

Naast lof voor mijn gezin ook niets dan lof voor mijn (schoon)familie. Ik ga 
niet in details treden, omdat ik niemand tekort wil doen. Maar een paar 
mensen in het bijzonder wil ik toch apart bedanken. Mijn special dank gaat 
uit naar mijn vader Theo, mijn moeder Josefien en Gerard. Daarnaast wil ik 
al mijn zussen bedanken. Twee van hen wil ik apart benoemen en bedanken. 

Ik heb namelijk de eer om mijn zussen Daniëlle (Gorrrrlami) en Elise als 
paranymfen bij me te mogen hebben bij mijn promotieplechtigheid. Hoewel 
dit voor hun beide onbekend terrein is, hebben ze volmondig “ja” gezegd 
hierop. Ik ben blij dat ik jullie bij me heb tijdens de verdediging. Heel erg 
bedankt hiervoor!!

Zonder mensen bij naam te noemen (anders wordt het een lang verhaal…..) 
wil ik tot slot al mijn vrienden, collega’s, bekenden, buren enzovoorts 
bedanken die op wat voor manier dan ook een bijdrage aan mijn onderzoek 
en proefschrift hebben geleverd. 

Ik hoef niemand die mij goed kent te vertellen dat een promotie (en daarmee 
een Dr. titel) altijd het ultieme doel is geweest sinds het begin van mijn 
studie in Groningen, naast het “dokter worden”. De kans die ik gekregen heb, 
in de vorm van een MD/PhD-project, was een unieke kans om dit al tijdens 
mijn studie te realiseren. Hiervoor ben ik de Rijskuniversiteit Groningen, 
het Universitair Medisch Centrum Groningen, alle betrokkene professoren 
en begeleiders enorm dankbaar. Mark en Erna Pinkster van MarkYourMedia 
hebben de lay-out en vormgeving van het proefschrift voor hun rekening 
genomen, enorm bedankt hiervoor!!! 

Mijn onderzoek, dit boekje en mijn promotie draag ik op aan Dieter 
Mencke. Dieter was een collega uit Emden, met wie ik in de eerste Jaren 
veel opgetrokken ben tijdens mijn (moeilijke) start in een vreemd land en 
vreemd ziekenhuis.  Hij heeft mij geholpen mij geholpen mijn weg te vinden 
binnen het Klinikum Emdem en “volwassen” te worden als arts en specialist. 
Als ervaren verpleegkundige heeft hij mij als jonge arts-assistent wegwijs 
gemaakt op zowel de afdeling (B53) als ook op de Eerste Hulp. Samen 
hebben we veel mooie en helaas ook minder mooie dingen meegemaakt; we 
hebben gelachen over de mooie dingen en gepraat over de minder mooie 
dingen. Het werken met hem is altijd een genot geweest. Op 4 december 
2016 heeft Dieter tijdens onze dienst een zwaar hartinfarct gekregen. Het 
ene moment waren we pizza aan het eten, het volgende moment lag hij 
“dood” in een behandelkamer. In een split-second veranderde zijn leven, 
zonder voortekenen en zonder aankondiging. Hij was gelukkig op de goede 
plek. Weliswaar is hij langdurig gereanimeerd en had hij een pomp nodig 
om zijn linker hartkamer te ondersteunen, maar hij heeft het overleefd en 
is sterker dan ooit teruggekomen. Zijn beroep als verpleegkundige kon hij 
dan wel niet meer uitoefenen, maar hij was tevreden met wat hij had en 
dankbaar dat hij er nog was. Dieter stond sinds de zomer van 2018 op de lijst 
voor een donorhart, om er bovenop te komen, en om te overleven, onder het 
motto “Ik heb alles al overleefd wat er op mijn pad kan komen, hoe zwaar 
kan een harttransplantatie dan nog zijn?”. Zo was hij, altijd positief, hij heeft 
nooit geklaagd en hij nam de dingen zoals ze zijn (dingen gebeuren altijd 
met een reden). Helaas is hij op 1 december 2018 alsnog onverwacht aan de 
gevolgen van een hersenbloeding overleden. 
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Zoals Dieter zijn er veel mensen, hartpatiënten, wiens leven van het ene op 
het andere moment ingrijpend verandert. Zoals te lezen is in de discussie, is 
een oplossing voor dit probleem nog niet gevonden. Ik hoop met dit project 
een bijdrage te hebben kunnen leveren aan de kennis met betrekking tot de rol 
die ontstekingsstoffen in het bloed hebben bij de ontwikkeling van hart- en 
vaatziekten. Wie weet kan een deel van ons werk een voorzet zijn voor verder 
onderzoek in de toekomst. Hier kan gedacht worden aan screeningsmethoden 
voor hart- en vaatziekten (bijvoorbeeld door bloedtesten of door onderzoek 
naar genetische markers om risicopatiënten te identificeren), maar ook aan 
de preventie van dit soort ziekten (ontstekingsremmende medicamenten?). 
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