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Periodontitis develops in a limited subset
of humans. About 10% of the population
will develop severe forms of destructive
periodontal disease. The disease is initiated
by microorganisms, and perhaps viruses,
in the subgingival biofilm (environmental
factors), and further affected by lifestyle
factors such as smoking, stress and diet. It
can also be influenced by acquired sys-
temic diseases, which reduce or hamper an
‘‘optimal’’ host response. On top of the
above risk factors are modifying disease
genes, responsible for susceptibility to
periodontitis. For these disease-modifying
genes, Mendelian principles do not apply,
because for a given genetic variation in a
gene or locus, both heterozygous as well as
homozygous subjects, may not necessarily
develop the disease; other genetic risk
factors (gene–gene interactions) and envir-
onmental and lifestyle risk factors (gene–
environmental, gene–lifestyle and environ-
mental–lifestyle interactions) also need to
be present simultaneously for the pheno-
type to develop (definition of complex
disease) (Craig 2008) (Fig. 1). It is clear
that any study population suffers from a
great deal of such inherent heterogeneity,
but accumulated empirical data from
large genetic association studies indicate
that commonly expressed concerns about
such ‘‘noise’’ may be overstated, and
hitherto, no excess of false-positive or -
negative association with common genetic
variants was revealed. This indicates
that selection biases based on these issues
have a minimal impact on genotype dis-
tributions, if the patients are well diag-
nosed and the statistical power is sufficient
(McCarthy et al. 2008).

Despite tremendous efforts and pub-
lished papers in the field of genetic
association studies for periodontitis
over the last decade, the causative
gene polymorphisms of periodontitis
and their pathophysiological effects are
still very controversial. What went
wrong? A couple of important questions
need to be raised. Most sensitive is the
question: do association studies actually
provide the right tools to elucidate the
underlying genetic factors of perio-
dontitis? Next, what have researchers
experienced in the fields of other com-
plex human diseases? Here, we should
ask if they experienced the same short-
comings, and if so, what did they do
about them, and most importantly, what
can we learn from them?

To answer these questions straight-
forwardly: yes, association studies are
effective tools to elucidate the genetic
risk factors of complex diseases, but
particularly for the more frequent var-
iants. Association studies have a limited
power to detect the rare genetic risk
factors. Secondly, researchers of other
complex human diseases have also
experienced comparable shortcomings
but their study designs have been
adapted over the last years. Likewise,
after decades of controversial literature
(Morgan et al. 2007), it is considered
that most of the common genetic risk
factors have been unveiled for coronary
heart disease (CHD) and type 2 diabetes
(T2D), and there are at least 11 for CHD
(Schunkert et al. 2010) and 18–24 for
T2D (Prokopenko et al. 2008, Stolerman
& Florez 2009). Interestingly, most of

them had not been thought of as likely
candidate genes before.

Development in Recent Years

The year 2007 was the turning point in the
genetics of complex human diseases, ush-
ered into the era of genome-wide associa-
tion studies (GWAS) by the milestone
publication of the Wellcome Trust Case
Control Consortium (WTCCC 2007). To
reach this era, two paradigm shifts were
necessary. Firstly, it was realized that the
literature-based hypotheses on candidate
genes do not usually reflect the situation
in nature, and it was right in time, that
technical advances allowed the hypoth-
esis-free approach of simultaneously
testing 500,000–1,000,000 and more
polymorphisms spread across the genome
in the GWAS. Secondly, it was recog-
nized that large case–control populations
were the indispensible prerequisite for
any association study to overcome the
inherent heterogeneity in populations;
this resulted in the formation of extensive
international consortia for the recruitment
of the appropriate numbers. To identify
the common genetic risk variants within
the population, case–control panels of
over 1000 well-defined cases and many
more controls are considered the standard
in the genetics of complex diseases like
CHD (Erdmann et al. 2009, Samani et al.
2009) and T2D (Saxena et al. 2007, Scott
et al. 2007, Steinthorsdottir et al. 2007,
Zeggini et al. 2007). Although these
studies proved successful in identifying
the common genetic susceptibility var-
iants, the power of an individual study
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that encompasses over 1000 cases is still
limited to detecting small or modest
effects of common SNPs. To detect such
variants, or even low frequent variants
with a large effect at the individual level,
the investigators of these studies joined
forces and combined data for complex
disease GWAS meta-analysis, which
eventually included over tens of thou-
sands of cases and controls (Zeggini
et al. 2008, Erdmann et al. 2009, Samani
et al. 2009, Schunkert et al. 2010). These
efforts boosted the power to detect com-
mon susceptibility loci with modest
effects, although the power to detect
smaller effects still remained low
(Fig. 2). Besides, this issue is an inherent
limitation to the study design of GWAS.
They are only sharp tools to identify
frequent variants, most often with a lim-
ited genetic effect, but they usually miss
rare variants with greater effects. This is
mainly due to the fact that most GWAS
are necessarily performed in an under-
powered situation due to financial limita-
tions. Here, candidate gene studies that
can use much higher sample numbers in
the explorative study provide a more
adequate study design to identify rare
variants with stronger genetic effects.
Consequently, GWAS will not eliminate
the necessity of well-designed candidate
gene studies in the near future.

Limitations of Genetic Association
Studies

In this context, an important issue of the
current discussion in human genetics
has to be touched upon. Although the
recent GWAS in complex diseases pro-
vided valuable insight into the gene-
tic basis and identified many genetic
susceptibility genes, they could only
explain a small proportion of the herit-
ability of these traits (Frazer et al. 2009).
Where this heritability is likely to lie
and how research strategies for uncover-
ing the missing genetic risk factors in
these diseases might best be developed,
are currently heavily debated (Eichler
et al. 2010). There is strong evidence
that rare variants have an important role
(Bodmer & Bonilla 2008), that genetic
variance may to some extent also be
explained by structural variations (Con-
rad et al. 2010, Craddock et al. 2010),
gene interactions (Phillips 2008, Moore
& Williams 2009) and we certainly need
to learn more about how the environ-
ment modifies allelic effects (Christen-
sen et al. 2009, Check Hayden 2010).

Only if the major contributory elements
are fully understood, which jointly
predisposes people to the specific
individual disease phenotype, a risk pre-

diction or an individualized therapy will
be possible. Here, to meet with the current
discussion on the best future research
strategies to elucidate the missing herit-

Fig. 1. Periodontitis is a complex disease (for definition see Craig 2008). The modifying
disease genes play a central role and determine susceptibility to periodontitis. With this
intrinsic characteristic, lifestyle factors pave the way to the disease, which is eventually
initiated by an infection (environmental factors). Both have an individual as well as an
additive effect on the (patho)physiological response of the patient, which is, in the final step,
determined by the individual genetic predisposition. Therefore, in the complexity of
periodontitis, gene–gene interactions as well as gene–environmental, gene–lifestyle and
environmental–lifestyle interactions play a role in the development of the phenotype.

Fig. 2. Statistical power in relation to the sample size, allele frequency and odds ratio. (a) To
identify a genetic risk variant with a minor allele frequency (MAF) of 20% in the general
population, 1000 cases and 2000 controls were required to achieve the necessary statistical
power of 0.8 [The statistical power was calculated as described in Dupont & Plummer 1998,
for an average odds ratio (OR) of 1.3, and 2 times as many controls as cases were considered.
A power of 0.8 is regarded as statistically significant.]. (b) Statistical power calculation was
taken from 1000 cases and 2000 controls as a basis. A population of this size would allow the
identification of rare risk variants with relatively large genetic effects (e.g. a genetic effect of
41.5 would be required to detect a risk allele with 5% MAF).
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ability would be inadequate, and we
would like to refer to the cited literature.
Detecting associations with common
genetic variants is still considered as the
first and also the most straightforward and
cost-efficient step, towards a better under-
standing of the genetic architecture of a
complex disease.

Which criteria are currently considered
as compulsory for any effective candidate
gene association or GWA study at a
recognized scientific level? Four issues
are of chief importance: these are case
selection; the statistical power and repli-
cation; and lastly the capture of the
complete genetic information.

Case Selection

The first indispensable prerequisite
is a case-selection strategy, which is
designed for enrichment of specific dis-
ease-predisposing alleles. These should
include efforts to minimize phenotypic
heterogeneity by stringent diagnosis cri-
teria, and should focus on extreme
cases, defined for example by a particu-
larly early age of onset or level of
severity. In most circumstances, and
particularly when the total sample size
has financial or operational constraints,
efforts to enrich case selection are very
likely to improve the statistical power
(McCarthy et al. 2008).

Statistical Power and Replication

The second prerequisite for any associa-
tion study is, as pointed out above, a
sufficiently large case–control analysis
population which provides the necessary
statistical power to identify a disease
associated polymorphism of a given
allele frequency. Variants that are asso-
ciated with complex diseases increase
the disease risk rather modestly. The
odds ratio (OR) of such a variant usually
does not exceed 1.3. Accordingly, to
identify a variant with an OR of 1.3
and of an allele frequency of 20% in the
general population, 1000 well-defined
cases are necessary to reach the neces-
sary statistical power of 0.8. (Fig. 2). To
match these cases, at least the same
number of controls is necessary, ideally
twice as many. With a sufficiently
powered clinical analysis population,
the hypothesis of the study can be
generated. In other words, the explora-
tive association study merely observes
an association (or does not observe),
thus creating the hypothesis, that a spe-

cific variant is/is not associated with
the disease. The hypothesis obviously
requires a test, which is the replication.
This replication is of utmost importance,
and considered as the gold standard,
which defines that each association is
only as good as its replication. It goes
without saying that the replication needs
to be performed in an independent case–
control population of the same pheno-
type (diagnosis criteria), and to be
sampled from the same ethnic back-
ground. A repetition of the experiment
with samples from different ethnic
groups, with different diagnosis criteria,
or independent cases but the same con-
trols is not a replication and does not test
the hypothesis properly. Only after
being confirmed, can the hypothesis be
validated in different sub-phenotypes or
in different ethnic groups.

It is a further essential prerequisite to
have the equal size of the initial case–
control population or ideally, twice the
size. Why so? Estimates of the genetic
effect based on new association findings
tend to be upwardly biased due to a
phenomenon known as the ‘‘winner’s
curse’’ (Lohmueller et al. 2003). If the
sample size calculation for a subsequent
study is based on an overestimated
effect size, this overestimation in the
initial study may cause follow-up stu-
dies to be underpowered and so they
fail (Ioannidis et al. 2001). Although
overestimation of the genetic effect
decreases as the statistical power of the
association study increases (Xiao &
Boehnke 2009), the ‘‘winner’s curse’’
bias is an issue of serious concern, and
as a consequence replication case–con-
trol populations should be larger than
the explorative cohort to increase the
statistical power for the replication
experiment. Accordingly, this upward
bias of a new association finding usually
appears to give less significant associa-
tion signals in the replication than in the
explorative study. This effect can be
evaluated and corrected for by various
approaches (Xiao & Boehnke 2009), but
it is easiest avoided by an increased
power in the replication. These descrip-
tions illustrate why several thousands of
cases and controls are usually required
for an association study, and why large
scientific consortia had to be formed to
jointly recruit the necessary samples.

For the improvement of the statistical
power, an alternative to the performance
of de novo large-scale experiments
could lie in a meta-analysis of already
existing studies. If some studies propose

a genetic effect on the phenotype, but
others do not, in a meta-analysis
the majority of these studies can show
the same trend and a statistically
significant p-value in the test. This
would surely provide new information.
But a meta-analysis cannot be consid-
ered as the replication of a hypothesis,
because it does not create nor analyse
new data. It only refines the hypothesis.
Before the potentially significant disease
association can be considered as repli-
cated, it also needs a test in an indepen-
dent analysis population of sufficient
statistical power (Fig. 2). Necessary
prerequisites for a meta-analysis are
the same diagnosis criteria between the
different studies, and if various genetic
markers were independently tested, a
correction for multiple testing.

Capture of the Complete Genetic
Information

Apart from insufficient statistical power
of most genetic association studies in
periodontitis within the last decade,
most studies were unable to draw an
unambiguous conclusion from their
findings, even when the outcome was
negative. Apart of the reasons men-
tioned above, this was also because
most genetic association studies on
periodontitis did not capture the com-
plete genetic information of the region
of interest. Only one or a few variants
were genotyped in these studies, and
usually, their selection had reasons that
were more historical than biological.
But a precise statement about a possible
association of a genetic locus with a
disease can only be made, if the full
haplotype information has been assessed
(Slatkin 2008). Testing one polymorph-
ism might at best be sufficient to indi-
cate an association with every other
polymorphism in the same haplotype
block, and genotyping of a single genet-
ic variant alone usually does not allow
the conclusion, whether the gene of
interest is disease associated or not.
Genes are usually patchworks of differ-
ent haplotype blocks, being mostly in
poor-to-moderate linkage disequili-
brium. Thus, information on the poten-
tial association of one haplotype block
provides little to no information on the
association with another (Slatkin 2008).
As findings of negative associations of
single variants or haplotype blocks can-
not rule out a potential disease associa-
tion of the gene of interest, such studies
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have a very limited value. Therefore, as
the outcome of an association study is
always unclear, it is necessary that each
genetic study needs to assess the haplo-
type information as completely as pos-
sible. Genotyping one variant simply
provides no information on a possible
disease association of the genetic locus
when the outcome is negative.

Currently, almost all of the genetic
variants associated with periodontitis
that have been published are question-
able. This is essentially due to – as we
see it now – the poor designs of most of
these studies. Knowing this, what can
we do about it? The first and most
important step will be a stringent pub-
lication policy by dental scientific jour-
nals, which will have to ban mere
observational studies from publication.
But as a consequence, science and pub-
lic oral health will benefit from this
policy, because it will swiftly catalyse
the creation of the necessary research
consortia, that allows the sampling of
sufficiently powered and well-designed
case–control populations. This will be a
considerable challenge for the scientific
community in dentistry, as the recruit-
ment of an appropriate, well-defined
case–control population and the genetic
experiments to come, are both exceed-
ingly money- and time consuming. But
only if this challenge is taken, will it be
possible to elucidate the genetic basis
of periodontitis, with the translational
effects on diagnosis, classification, pre-
vention and the development of
advanced medicine for oral health. The
progress in the other disciplines of
human medicine in the last 3 years has
successfully proved that this path is
worth the efforts.
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