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Prospects & Overviews

Missing heritability of complex diseases:

Enlightenment by genetic variants from
intermediate phenotypes

Adrian Blanco-Gémez"?+*

Jesus Pérez-Losada?****

Diseases of complex origin have a component of quantita-
tive genetics that contributes to their susceptibility and
phenotypic variability. However, after several studies, a
major part of the genetic component of complex phenotypes
has still not been found, a situation known as ‘““missing
heritability.”” Although there have been many hypotheses put
forward to explain the reasons for the missing heritability, its
definitive causes remain unknown. Complex diseases are
caused by multiple intermediate phenotypes involved in
their pathogenesis and, very often, each one of these
intermediate phenotypes also has a component of quanti-
tative inheritance. Here we propose that at least part of the
missing heritability can be explained by the genetic
component of intermediate phenotypes that is not detect-
able at the level of the main complex trait. At the same time,
the identification of the genetic component of intermediate
phenotypes provides an opportunity to identify part of the
missing heritability of complex diseases.
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Introduction: The problem of missing
heritability

The variability of presentation of complex phenotypes, such
as those involved in complex diseases, has a component of
quantitative inheritance, consisting of the sum of effects of
different allelic forms that interact with each other and with
the environment [1-3]. The quantitative inheritance not only
contributes to the heterogeneity of complex traits, but also
contributes, to a greater or lesser extent, to the phenotypic
heterogeneity of traits with Mendelian inheritance. In these
cases, the effect of the main gene, principally responsible for
the phenotype, is modified by the function of low penetrance
genes, also called modifier genes. These modifier genes
contribute to the expression of any given phenotype, even
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acquired ones, as in the susceptibility and evolution of
infectious diseases [4].

The heterogeneity of complex phenotypes in a population is
the result of phenotypic variance owing to environmental
influence and to the associated genetic components. Heritability
in a broad sense is defined as the proportion of the phenotype
variance due to genetic components. Heritability in a strict or
narrow sense refers to the proportion of phenotypic variance
due to the additive genetic components between different allelic
variants or DNA sequence variants (DSVs) [5]. It is interesting
to note that 88% of DSVs are found in both intronic (45%)
and intergenic (43%) non-coding regions [6]. In linkage studies,
genomic regions associated with phenotype variability, are
named quantitative trait loci (QTLs). The heritability of a
complex phenotype also depends on the estimated contri-
bution of environmental factors; thus the more phenotypic
variance explained by the environment, the less phenotype
variance explained by genetic factors and vice versa. Hence,
the estimation of phenotypic variance can vary considerably
among populations subjected to different environmental factors;
for example, for susceptibility to lung cancer development in a
smoking population versus in a population of non-smokers.

Many features, such as body size, have a very high
heritability. Thus, it is estimated that 80-90% of variance in
body size is explained by inheritance [7]. However, although
many alleles associated with this phenotype have been
identified, they only explain around 5-10% of the phenotype
variance. This is also the case of many other complex
phenotypes and, in general, there is a high level of discrepancy
between the proportion of phenotypic variance expected to
be explained by genetic influences, known as the “expected
heritability,” and the heritability really explained by the DSVs
identified so far. This difference is known as the “missing
heritability” [8, 9].

Genome-wide association studies (GWAS) allow for the
assessment of between half a million to two million SNPs
along the human genome that represent the most common
haplotypes. Thus, GWAS were initially designed to identify
the allelic forms responsible for quantitative inheritance of
complex phenotypes, such as sporadic cancer, Alzheimer’s
disease, diabetes, among others. Minor allele frequency (MAF)
refers to the frequency at which the least common allele
occurs in a given population. According to this definition,
common or frequent variants (MAF >0.05 or 5%), low-
frequency variants (MAF =0.01-0.05 or between 1 and 5%)
and rare variants (MAF <0.01 of less than 1%) can be
distinguished. It is assumed that the genetic component of
complex diseases is the sum of the effects of common or
frequent genetic variants, which is known as the common
disease/common variant hypothesis. Therefore, with the
arrival of GWAS it was thought that it would be easier to
identify the different DSVs that contribute to the pathogenesis
of various complex traits, and certainly there have been many
QTLs and DSVs identified associated with the variability
of a number of complex phenotypes. This collection can be
accessed via the website: www.genome.gov/gwastudies/.

In general, the effect of DSVs on total phenotypic
variability has been relatively small, as most of the DSVs
identified are separately/individually associated with less
than 1-2% of the phenotypic variance, and all together
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explain less than 30% of the variance observed [10]. Therefore,
the usefulness of GWAS in identifying genetic determinants
responsible for the variance of complex phenotypes has been
questioned. In conclusion, GWAS seem to be insufficient to
solve the problem of the “missing heritability” [9, 11-14]. For
this reason, it has also been suggested that at least part of
the genetic component of complex phenotypes may be due
to rare variants [15]. This is the common disease/rare variant
hypothesis [16]. These rare variants are relatively difficult to
detect by GWAS because in order to be detected, they should
be present in the population in a proportion between at least
1 and 10%. Since these rare allelic forms are less frequently
present, to detect them, it would be necessary to significantly
increase the sample size or use meta-analysis studies [17-19].
However, even under these conditions, it would probably
not be sufficient enough to detect them if we consider that
part of the difficulty in detecting association with rare variants
in GWAS could be attributable to the fact that these variants,
until recently, have been underrepresented on SNP micro-
arrays. Hence, rare variants are in low linkage disequilibrium
with common SNPs in microarrays, and have been imputed
to limited success [20]. The new massive sequencing techni-
ques, both whole-exome sequencing and whole-genome
sequencing, could be more useful in the identification of
rare variants. In particular whole-genome sequencing would be
ideal for finding both exon and intron DSVs. Whole-genome
sequencing has already been used successfully in identifying
causative mutations for rare diseases caused by a mutation
in a single gene [21-27]. Similarly, these massive sequencing
strategies are being increasingly used to identify rare allelic
forms that contribute to the pathogenesis of common complex
phenotypes [15, 28-30] and there is also recent empirical
evidence that low-frequency and rare variants may be
connected to complex diseases [31-34]. Certainly, these studies
have identified rare variants associated with the variability of
complex phenotypes, but both the individual effect of each
variant and the effect of the sum of all of them together on
phenotype variance, are still too small to explain a significant
proportion of the “missing heritability.” In addition, in spite of
the relatively larger effect sizes of rare variants, one could
expect that their effect on population risk would be small,
merely because of their low frequency in the population [35].

It has also been proposed that part of the missing
heritability could be explained by genetic interactions or
epistasis [36]. The estimated heritability in the strict sense
is based on the assumption that there are no interactions
between alleles and that their effects are only additive.
But this assumption is not completely true because the
genetic interactions also affect the calculation of broad-sense
heritability [37]. Therefore, it has been proposed that a
significant part of the missing heritability may not be due to
the genetic variants that still remain to be identified, but
to the epistatic genetic interactions between the genetic
variants already discovered [36]. Thus, even though all allelic
forms responsible for the variability of a particular complex
phenotype were identified, they could not explain all the
phenotype variance by an additive effect. Consequently, the
proportion of explained heritability would always be less than
the total heritability [36]. In any case, the demonstration of
epistasis in human population studies is very difficult and
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would require huge samples. Thus, the magnitude of the
contribution of epistasis to the missing heritability of complex
phenotypes still remains to be determined. It has also been
proposed that epigenetic changes that contribute to variable
gene expression between individuals may also contribute to
complex phenotype variability and its heritability [38]. Never-
theless, none of these explanations have so far satisfactorily
explained the large proportion of missing heritability [39].

Complex phenotypes are a consequence
of multiple intermediate phenotypes
located at different levels

To understand the possible cause of missing heritability, we
should revise the concept of complex phenotype. Many major
diseases, as well as physiological and pathophysiological
processes are considered complex phenotypes, such as aging,
sporadic cancer, diabetes mellitus, ischemic heart disease, or
autoimmune diseases. These diseases are the consequence
of another series of second order or intermediate phenotypes
that are causally related to them and involved in their
pathogenesis (Fig. 1). For example, the susceptibility toischemic
heart disease is influenced by other intermediate phenotypes
such as blood pressure, hypercholesterolemia, or susceptibility
to pro-atherogenic agents present in tobacco, among others
[40]. Another example is that of aging susceptibility, which
could be the result of different intermediate phenotypes
related to biological mechanisms such as the ability to repair
DNA damage, telomere length attrition, or others that control
susceptibility to oxidative damage [41].

In addition, the variability in the phenotypic presentation
of a complex trait that may be considered as a first order
phenotype or the outcome phenotype depends on the pheno-
typic variability of each one of those intermediate phenotypes
or second order phenotypes involved in its pathogenesis. Thus,
the grade of susceptibility to a complex disease depends on
the grade of expression of those second order phenotypes
involved in its pathogenesis. As an example, in the case of
ischemic heart disease, the grade of susceptibility to the disease
depends on the grade of susceptibility to hypertension,
hypercholesterolemia, etc. On the other hand, these interme-
diate phenotypes of second order that contribute to the patho-
genesis of the main complex trait are very often complex
phenotypes that in turn depend on other intermediate pheno-
types involved in their pathogenesis, or third order phenotypes
in respect to the main one. For example, susceptibility to
hypertension is associated with intermediate phenotypes
that control the arterial tone such as the activity of calcium
channels, the activity of the renin-angiotensin-aldosterone
system, the renal function, or the autonomous nervous system
activity, among others [42]. In short, the expression of a
main complex phenotype would be determined by a series of
complex intermediate phenotypes of second order and these,
in turn, by others of third order and so on, reaching an
increasing level of complexity (Fig. 1).

In the global structure of a complex phenotype or complex
disease, we can consider the existence of a surface level where
the main features that define the complex disease would be
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located (Fig. 2). For example, in the case of the ischemic heart
disease, this surface level would include chest pain, specific
electrocardiographic changes, elevated cardiac enzymes due
to the myocardial necrosis, the obstruction of the coronary
artery by the plaque of atherosclerosis, etc. Furthermore,
intermediate phenotypes, those that could modify the
manifestations of a complex disease, would be located at
different levels within this hierarchy. In relation to this, the
organic or systemic level, including the physiological and
pathophysiological processes that influence the manifesta-
tions of the complex disease, would be located just below the
main surface level. This would include intermediate pheno-
types related to the endocrine-metabolic system, function of
specific organs such as respiratory, digestive, kidney, etc.
Following the already exhibited example of ischemic heart
disease, the organic or systemic level would include processes
such as hypertension, hypercholesterolemia, etc. Below this,
at the tissue level, the interactions between different cell types
from the tissue responsible for correct function, tissue growth
and repair would take place. The interactions between tissue
cells would lead to differentiation, proliferation, and apopto-
sis of those cells from the tissue, among others. In ischemic
heart disease, this would include the cellular processes that
contribute to the formation of the atherogenesis plaque, such
as local infiltration of macrophages, endothelial damage,
proliferation of smooth muscle cells in the arterial wall, etc. At
the intrinsic-cellular or intracellular level, just below the tissue
level, processes that determine proliferation, apoptosis, and
cell differentiation, would take place. These processes include
aspects such as traffic between organelles, vesicle trafficking
processes in the endoplasmic reticulum, in the Golgi
apparatus, etc. The molecular level would include intracellular
and extracellular signaling pathways, transcription factors,
membrane receptors, etc., responsible for cellular and
extracellular processes and would comprise the synthesis of
different molecular components, posttranslational modifica-
tions, and their degradation by ubiquitination, etc. The
transcriptional level would include both the RNA and the
epigenetic modifications that determine the expression of
certain genes, influenced by the functional requirements at
each moment. Finally, at the bottom of the hierarchy, the
genomic level would include genes and intergenic and
intragenic regulatory regions (Fig. 2).

The different grade of function at each level results in its
own intrinsic phenotypic variability and contributes to the
phenotypic variability of the upper levels, particularly to the
first one. For example, the different functioning of macro-
phages may contribute to a higher or lower susceptibility to
form the plaque of atheroma, and thus contribute to the
phenotype of ischemic heart disease located at the upper
level. Obviously, the function of each level is influenced by the
lowest one, the genomic level, and its interaction with the
environment, but the grade of function and phenotype
expression of each level is also influenced by other variables
and not only depends on the genomic influence. For example,
at the molecular level, protein function is not only influenced
by the DNA that determines their amino acid sequence, but
also by the intracellular protein compartmentalization at a
given time, by the degree of protein activation due to
posttranslational modifications in response to signaling
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Figure 1. The grade of susceptibility and phenotypic variation in the
presentation of complex diseases or complex traits depends on a
number of intermediate phenotypes of second order that influence
their pathogenesis; many of which are themselves complex pheno-
types, which are in turn influenced by other intermediate phenotypes
of third order. All of this creates a series of complex interactions
between phenotypes. It must also be considered that the molecular
and genetic determinants below each phenotype all acquire a
structure of systems biology.

pathways, by its degradation by the ubiquitin system, or by
organic intracellular conditions that maintain their tertiary
structure, among others [43].

There are many functional interactions between compo-
nents within each level, and between levels, that respond to
feedback allowing cells, tissues, and ultimately the whole
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organism to respond to its functional requirements at every
moment. These intra- and inter-level interactions have a
structure of systems biology that can be represented as
networks, where the effects of an alteration in a given level
produce an impact far beyond its immediate target and level.
Thus, the alteration of a gene has implications beyond its
immediate influence due to its related associations. For
example, a gene that influences obesity, will contribute to
generating a systemic low-grade inflammation that promotes
the development of the metabolic syndrome and type II
diabetes and certain types of cancer. Adipose tissue is also
involved in hormone synthesis, such as estrogens, where the
production of fatty tissue may contribute to breast cancer
susceptibility. In addition, estrogens are implicated in many
interactions at different levels, such as with the coagulation
system, the immune system, and autoimmune diseases which
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CLINICAL PHENOTYPES LEVEL

(Symptoms, signs, therapy response, survival...)

PHYSIOLOGY AND PATHOPHYSIOLOGY LEVEL
(Immunity, Endocrine-Metabolism, etc)

TISSUE AND CELLULAR LEVEL
(Angiogenesis, Remodeling, Proliferation, Apoptosis,...)

Figure 2. Considering that phenotypic traits of the genesis of a
complex disease are within the first or surface level, the intermediate
phenotypes that contribute to its pathogenesis may reside at
different levels: systemic, organic/tissue, cellular, and molecular.
There are multiple interactions within each level and between levels
in order to meet the needs of the whole organism at every moment.
All of this is strongly influenced by the lowest or genomic level and
the interactions with the environment.

are most common in women; obesity is also a stimulus for
bone formation, but also for osteoarthritis, etc. [44, 45].

Moreover, in many cases, pathophysiological, cellular,
and molecular components from one or more of these levels
will be involved in the pathogenesis of several complex traits
at the same time, and this will influence the expression of
several of these complex traits simultaneously. This would
explain the epidemiological association between complex
diseases because of the existence of common pathogenic
processes. As an example, this would be the case of the
association of autoimmune processes with cancer, or cancer
and obesity; inflammation, obesity, and thromboembolic
disease or between the latter, cancer and aging. In a broader
sense, and according to the pathogenic processes that present
a commonality, an attempt has been made to group various
diseases by families, thus redefining the taxonomy of disease,
known as diseasome [46, 47].

Using intermediate phenotypes to
identify genetic determinants of diseases
of complex origin

The association between different complex diseases some-
times is not only due to the common pathogenic mechanisms,
but also because they share the influence of the same genetic
variants, known as crossphenotype associations. This is the
case of Crohn’s disease and ulcerative colitis [48], other
autoimmune diseases [49, 50] or psychiatric disorders [51, 52].
This is connected to the concept of biological pleiotropy or true
pleiotropy, when one or more genetic variants are associated
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with two phenotypes that are not related. This means that one
of them is not causally related with the other, or, in other
words, that one of them is not an intermediate phenotype of
the other [53, 54]. This concept is different to what was coined
by Solovieff et al., known as mediated pleiotropy, when a
genetic variant is linked to a complex phenotype because the
genetic variant is associated with an intermediated phenotype
that in turn is causally related with the outcome complex
phenotype [55]. For example, Voight et al., found genetic
variants associated with both low-density lipoprotein (LDL)
serum levels and the risk of myocardial infarction [56]. On the
other hand, for diseases of complex origin, such as ischemic
heart disease, autoimmune diseases, etc., it is quite likely
that every single DSV identified is influencing the complex
disease through intermediated phenotypes from different
levels. In fact, most of time, when we identify DSVs associated
with complex phenotypes, the difficult part is to identify the
mechanisms of the intermediated phenotypes by which these
genetic variants are influencing the complex phenotype.

In recent years, new statistical strategies have been
developed to identify associations between genetic loci or
genetic variants and several traits in order to identify
pleiotropy [55, 57]. Moreover, statistical strategies have been
developed to distinguish between biological pleiotropy and
mediated pleiotropy, such as Mendelian randomization, to
identify causal association between an intermediate phenotype
and the outcome one [56, 58, 59]. In a similar way, strategies to
identify genetic variants associated with a complex phenotype
through their association with intermediate phenotypes have
also been carried out [60, 61].

The use of intermediate phenotypes to identify the genetic
component of diseases has been used mainly in the field of
Psychiatry [60]. In 1965, Douglass Falconer introduced the
idea of normally distributed quantitative traits as liability for
genetically determined disorders, known as the multifactorial
threshold model, which has been applied to non-Mendelizing
common diseases. This idea was adapted to schizophrenia by
Gottesman and Shield in 1967 [62]. Psychiatric disorders are
complex diseases whose classification between entities is
problematic because their definition and diagnosis are based
on behavioral characteristics that are difficult to quantify.
This is the reason why the difficulty of finding genetic
determinants in psychiatric disorders, both by linkage and
association studies, is widely acknowledged [60]. Therefore,
an effort was made to identify other intermediate phenotypes
that were associated with the disease and that were easier to
quantify, employing imaging tools such as computed tomogra-
phy (CT) scans, magnetic resonance imaging (MRI), or positron
emission tomography (PET), levels of neurotransmitters, etc.,
in order to be to find the genetic determinants associated with
the main disease [60].

In Psychiatric Genetics, the term endophenotype is mainly
used which is equivalent to intermediate phenotype. It was
initially described by Gottesman and Shields [63] and adapted
from the zoology field [64]. This term initially referred to the
endogenous phenotypes identified by biochemical or micro-
biological determinations, and was well-adapted in Psychiat-
ric Genetics to fill the gap between the lowly quantifiable
descriptions of mental illness and Genetics. The rationale for
using an intermediate phenotype for the identification of the

668 Bioessays 38: 664-673, © 2016 The Authors BioEssays Published by WILEY Periodicals, Inc.
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genetic component of a complex phenotype is that if the
intermediate phenotype associated with the disease is very
directly related to it, and represents a more elementary pheno-
type, the number of genes required to produce variations in
these intermediate phenotypes would be less than the number
of genes involved in the production of the main disorder.

The intermediate phenotype used to identify part of the
genetic characteristics of a complex phenotype must have certain
characteristics; it can even be a phenotype from the surface
level that contributes to the definition of the disease. If the
intermediate phenotype used is from a lower level, it must
contribute to the pathogenesis of the disease, and not just be a
mere biological marker without a common genetic basis with
the main phenotype. Thus, initially four criteria have been
proposed to define an intermediate phenotype or endopheno-
type [60] based on the previous criteria used to define a
marker in psychiatric genetics [61]: (i) the intermediate
phenotype is associated with illness in the population; (ii)
the intermediate phenotype is heritable; (iii) the intermediate
phenotype is primarily state-independent (manifests in an
individual whether or not illness is active); and (iv) within
families the intermediate phenotype and illness co-segregate.
Subsequently, an additional criterion that may be useful for
identifying intermediate phenotype of diseases that display
complex inheritance patterns was suggested by Leboyer et al.
[65]: The intermediate phenotype found in affected family
members is found in unaffected family members at a higher
rate than in the general population. The use of intermediate
phenotypes to identify genetic determinants of complex
diseases has been used successfully not only in psychiatric
disorders but also in other non-psychiatric disorders, such
as the long QT syndrome [66, 67] and various ECG traits
associated with cardiovascular morbidity [68], the idiopathic
hemochromatosis [69], the juvenile myoclonic epilepsy [70],
and the familial adenomatous polyposis [71] or systemic lupus
erythematosus [72, 73], among others.

Missing heritability of complex traits
could be partly explained by genetic
determinants of intermediate phenotypes

The study of phenotypic variability in human complex
diseases is difficult to carry out when considering the
influence caused by intermediate phenotypes. The enormous
genomic variability between different human populations
and their complex interaction with the environment contrib-
ute to this difficulty. However, these types of studies are
more plausible in simplified models such as those generated
by crosses between mouse strains genetically homogeneous
and with relatively homogeneous phenotypes. In these inbred
strains, all mice are genetically identical and have every
allele in homozygosis. Furthermore, the interaction with
the environment is simplified as they are housed in stable
conditions in animal facilities free of specific pathogens (SPF)
[74, 75]. These cohorts of mice generated by intercrosses or
backcrosses between inbred strains with divergent phenotype
behavior have been used frequently for linkage studies and
identification of QTLs, and also offer a unique opportunity to
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carry out studies through multiple levels of intermediate
phenotypes associated with complex traits and diseases, such
as cancer, aging, heterogeneous response to therapy, etc.
Recently, we dissected the phenotypic heterogeneity of
ERBB2+ breast cancer in some of the previously described
levels in a simplified model generated by a backcross between
two mouse strains with divergent susceptibility to breast
cancer [76]. We dissected the disease in different patho-
phenotypes, such as latency, the time of disease, the grade
of local tumor growth, the number of metastases, etc. In
addition, we studied the associations of those pathopheno-
types with different intermediate phenotypes including
different components of cell signaling such as AKT/mTOR
and MAPK/ERK pathways in both tumor and livers, and a
range of metabolites in serum from disease free mice. We
identified QTLs associated with the heterogeneous behavior
of the different pathophenotypes of the disease, and QTLs
associated with the variability of the different intermediate
phenotypes studied. After carrying out this study, we observed
that most of the tumor QTLs associated with different
pathophenotypes did not overlap with the QTLs associated
with intermediate phenotypes, even with those that could be
expected to be strongly associated with tumor variability,
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Figure 3. The influence of a quantitative trait locus (QTL) or DNA
sequence variant (DSV) over the susceptibility and/or variable
presentation of a complex disease would be exerted by some
intermediate phenotype located within any of the levels previously
indicated (A). For example, it is possible that a QTL or DSV will exert
its influence on a complex disease through a particular signaling
pathway (B). It is feasible that another signaling pathway influences
the variability of the complex disease in a very significant manner,
but this signaling pathway in turn may be itself a complex phenotype
influenced by multiple QTL. It is possible that these QTLs are,
individually, powerful enough to affect a significant proportion of the
variability of the signaling pathway. However, they would not induce
a powerful enough variation in the signal to affect the main
phenotype, and therefore be detected as genetic modifiers of the
complex disease. These QTL influencing intermediate phenotypes,
undetectable at the level of the main phenotype, would form part of
the “missing heritability” (C).
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Figure 4. |t is possible to dissect a complex disease in different
pathophenotypes, and to identify a number of genetic determinants
associated to the variability of these pathophenotypes in a popula-
tion, that constitute the known proportion of the heritability of the
disease. There are a number of intermediate phenotypes that
contribute to the pathogenesis of the disease. The identification of
genetic determinants that contribute to the variability of these
intermediate phenotypes can be a global strategy to identify part of
the missing heritability of complex diseases. iphQTL = intermediate
phenotype QTL.

such as those related with tumor cell signaling [76]. Thus, an
intermediate phenotype associated with the pathogenesis of
a complex trait, in turn presents its own variability along the
population, and is also controlled by a number of QTLs that
seem to be different.

As already mentioned, complex phenotypes such as
complex diseases result from different intermediate phenotypes
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involved in its pathogenesis that, to a greater or lesser extent,
have a component of complex traits with polygenic influence.
Thus, when a DSV is associated with a complex phenotype,
its effect is exercised through some intermediate phenotype.
Following the example of the first part of this review, it is
possible that a DSV that influences susceptibility to ischemic
heart disease does so through its influence on susceptibility
to hypertension. However, it is not uncommon that all DSVs
that contribute to the susceptibility to hypertension are not
detected as being responsible for susceptibility to ischemic
heart disease. Thus, these DSVs would be strong enough to
contribute to the phenotypic variability of hypertension, but the
proportion of hypertension variability affected by those DSVs
is not significant enough to be detected as a modifier of the
susceptibility to ischemic heart disease. This does not mean that
the whole hypertension variability does not contribute to the
variable susceptibility to ischemic heart disease, but part of the
polygenic component of the hypertension cannot be detected
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at the main complex phenotype level, which in this case is
ischemic heart disease.

Therefore, for a QTL associated with phenotype variability
to be detected, it has to contribute to a minimum detectable
level of the variability of that phenotype (Fig. 3). This allows
for the detection of a QTL when it reaches a LOD score by
linkage analysis. Similarly, when an intermediate phenotype
contributes to the variability of a complex phenotype, the
intermediate phenotype should contribute to a minimum
significant variability of this complex phenotype in order to be
detected as significantly associated with the complex pheno-
type. The QTL associated with an intermediate phenotype
that is associated with the pathogenesis of a main complex
phenotype, could not be detected as a QTL of the main pheno-
type. This could be explained if the QTL is not responsible for
a sufficient fraction of the intermediate phenotype variability.
So that the latter is not sufficient to individually contribute to
a detectable level of the variability of the complex phenotype.

Given the amount of secondary, tertiary, and other inter-
mediate phenotypes which can contribute to the pathogenesis
and variability of a complex phenotype, basically with all of
them possessing a component of quantitative inheritance, it
is not surprising that many of the QTLs that contribute to the
variability of all these intermediate phenotypes cannot be
detected as genetic determinants of the main phenotype, and
would constitute much of the missing heritability [76]. For
the same reason, and due to the huge amount of interactions
between intermediate phenotypes and the enormous amount
of QTLs associated with them, it seems that identification
of the whole scenario of missing heritability of a complex
phenotype probably could not be carried out. As a conclusion,
we believe that the allelic forms that contribute to the variability
of intermediate phenotypes that are not strong enough to be
detected at the main phenotype constitute much of the missing
heritability. Therefore, at least part of the missing heritability
that affects a complex phenotype could be identified consider-
ing the heritability of intermediate phenotypes that participate
directly in the pathogenesis of the complex phenotype (Fig. 4).

Future perspectives

Certainly, it is possible to generate multivariate models with
intermediate phenotypes as variables from these different
levels that are able to predict main phenotype variability more
adequately than if we only consider the genetic elements [76]. In
terms of heritability in the narrow sense, much of the missing
heritability could be detected considering the heritability of
a complex phenotype as the sum of the heritability of each
of the intermediate phenotypes that contribute to the patho-
genesis of the complex phenotype expressed in a model of
multivariate analysis, where the value of each intermediate
phenotype would be corrected by a different coefficient whose
value would depend on the contribution of each intermediate
phenotype to the variance of the complex phenotype. In this
sense, Li et al. proposed a modified inverse-variance weighted
meta-analysis method to combine disease status and quantita-
tive intermediate phenotypes information, and showed that
it was a powerful tool for detecting genetic variants in complex
disease association studies, especially when the effects of the
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susceptibility loci are minor. They showed that these statistical
tests combining both disease status and quantitative risk factors
including intermediate phenotypes are more powerful than
case-control studies [77].

We propose that the integration of the heritability from
different intermediate phenotypes in multivariate models will
allow the identification of an important part of the missing
heritability of complex diseases. This in turn will allow for the
better understanding of the pathogenesis of these diseases,
and the identification of new genetic variants that may
influence the risk, prognosis, and the response of disease to
treatment; hence, moving toward the possibility of more
personalized medicine [78].
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