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 The HapMap project and the discovery of millions of single nucleotide 

polymorphisms (SNPs) throughout the human genome, together with the 

development of bead and chip technology, has made it feasible to type hundreds 

of thousands of markers on an individual for a few hundred dollars. Because of 

the extensive linkage disequilibrium (LD) that exists, genome-wide association 

studies are currently being conducted on samples of unrelated persons in the 

belief by some that this is now the design of choice to discover genetic variants 

underlying relatively common complex diseases. Huge tissue repositories have 

been set up for the purpose of conducting large-sample case-control studies. 

Should we therefore stop collecting family data, forget that we inherit our genes 

from our parents and ignore the fundamental laws of genetic transmission as 

being unnecessary for gene discovery? Can we hope to anticipate, understand and 

treat the many diseases to which humans are prone, simply by finding genomic 

locations that differ between those who have and those who do not have disease? 

Below we argue that, although they have a useful role to play, it should not be 

naively assumed that the time has come for genome-wide association studies to 

replace genome-wide linkage studies, or that the collection of family data is no 

longer necessary. 

 

 



 

The power to detect a gene 

 

 Risch and Merikangas (1996) wrote “We argue that {the linkage} method 

has limited power to detect genes of modest effect”[1].  

  What is meant by a gene of modest effect? A classical measure of the 

genetic effect of a diallelic locus on a binary trait is the odds ratio (OR), either for 

one versus no copies of the susceptibility variant allele, or for two versus one 

copy of it, these two measures being equal under a multiplicative model. It is 

important to realize that, in an association study with equal numbers of cases and 

controls, the power to detect such a variant depends only on the ORs; whereas in a 

linkage study it depends on both the ORs and the variant allele frequencies in the 

sample.  From the data of Bell et al. [2] on type I diabetes in the North American 

population , for example, the class 1 allele (M1) of the variable number of tandem 

repeats (VNTR) flanking the Insulin gene has a frequency of 0.70 and we can 

estimate under a multiplicative model an OR of 3.4 for this allele. There is a good 

power to detect this effect in a case-control association study, but little power to 

detect it by linkage in affected sib-pairs. On the other hand, had the allele 

frequency been 0.10, the same OR would lead to an affected sib pair (ASP) 

linkage study with very good power.  

 When a genome-wide scan is performed and only the most significant 

results noted, allowance must be made for multiple testing, and the effect this has 

on power is quite different for linkage and association studies because of the 

enormous difference in the effective number of independent tests that each entails. 

If, on the other hand, there is good motivation for examining a candidate gene or 

candidate region (detected by a previous linkage analysis), an association study 

becomes the second stage of a multiple sampling strategy, which may lead to a 

much more economical study to obtain a given amount of power [3] Linkage 

analysis can similarly detect what interactions may exist [4] and in this way also 

limit the number of interaction models to examine in an association analysis. 



The problem of replication 

“Replication has a vital role in showing that associations that are identified 

reflect interesting biological processes rather methodological quirks” [5]. 

 Once an initial study has detected a susceptibility variant, heterogeneity 

from population to population with respect to either environmental or genetic 

factors can make it difficult to obtain an appropriate sample to perform a 

replication study. First, the replication sample will need to be as large or even 

larger [6;7], and second, the difference in both variant frequencies and LD 

patterns among populations may make the signal undetectable in other 

populations. The difficulty of replicating an association study is well illustrated in 

the work of Reich et al [8] on Multiple Sclerosis, where an association on 

chromosome 1 in African-Americans was not replicated in a different sample of 

Afro-Caribbeans. Similarly, an association between Myosin IXB (MYO9B) gene 

variants and celiac disease (CD) was recently detected in a Dutch case-control 

association study [9], but not confirmed in the British [10], Swedish/Norwegian 

[11], Italian [12] or Spanish [13] populations. In these studies, we cannot 

determine whether the first reported association was driven by a causal variant in 

the one population and not in the others, or whether it was just a false positive 

result. Whereas Lohmueller et al [14]
 
argue that a sizable fraction of reported 

genetic associations have strong evidence of replication, it is well established that 

association studies in general have a high tendency not to be replicated, the first 

report being simply a chance occurrence [15] 

 

What are the factors determining disease susceptibility? 

Common versus rare variants 

 The poor success of genome-wide linkage searches for complex diseases 

has imposed in a hegemonic way the “common disease-common variant” 

(CDCV) hypothesis, which is the major motivation for the HAPMAP project. By 

their very construction, common tagging SNPs do not identify rare variants, yet 

we know that multiple rare variants in the same gene can play an important role in 

disease susceptibility [16-18].  The total of all the susceptibility allele frequencies 



may be quite high, but with extensive allelic heterogeneity. This is the case, for 

example, in Crohn’s disease - for which risk alleles in the NOD2 gene have 

frequencies each smaller than 5% in populations of European descent [19;20], but 

with great variation of the total risk allele frequencies among those populations. 

Models of the expected genetic variation at disease susceptibility loci based on 

population genetics have suggested that when selection is weak, as seems likely 

for many complex disease mutations, genetic drift becomes important and the 

total frequency of susceptibility mutations is expected to vary widely among loci. 

Equilibrium models and empirical studies suggest a role for both rare and 

common variants [18]. Indeed, for classic monogenic diseases allelic 

heterogeneity is the rule rather than the exception: is there any reason to think this 

should be different for complex disease? 

 

Gene-gene and gene-environment interaction 

 In the case of a quantitative trait, the presence of interaction (non-

additivity) can depend on the scale of measurement. Tukey’s test for non-

additivity [21] specifically detects removable  non-additivity, i.e. non-additivity 

that can be removed  by application of a monotonic transformation to the data 

[22]. Recently, Chatterjee et al [23] have used a quantitative score based on SNPs 

as an indictor of a binary trait and hence have been able to use Tukey’s idea to 

increase the power of testing  main effects in the case of a binary trait when 

removable interaction exists; but non-removable interaction is not detected. The 

interactive effect of several functional genetic variants may play a larger role than 

the marginal effect of each variant in determining a trait, especially in the case of 

multifactorial diseases. Non-removable interactions of this sort cannot be easily 

found in genome-wide studies without very large samples. On the other hand, if 

we restrict our search for interactions by only considering simultaneously genes 

that belong to a relevant pathway, or to the a priori most likely types of joint gene 

action, correspondingly restricted association studies become feasible. Of course, 

it must always be remembered that “a gene association study that begins by 



looking at a priori functional candidates is looking on average for a different class 

of variants than is a positional cloning study that started from a significant linkage 

signal”[16]. Nevertheless, as we noted above, prior information obtained from 

linkage studies can be used to motivate a more limited number of interactions to 

consider when conducting an association analysis. 

 In autoimmune diseases, the HLA component acts through complex 

interactions of numerous variants. A deeper understanding of these diseases can 

only be obtained through more detailed knowledge of gene diversity, patient 

genotype distributions, IBD sharing in affected siblings conditional on patient 

genotype, and a biological understanding of the function of the genes in the HLA 

region. Detecting an association is gives us very limited information, especially 

when we wish to estimate risk, to which we now turn. 

Estimation of risk 

 It is a far cry from detecting a signal indicating the presence of a causative 

factor in a genomic region to its identification and the clinically important task of 

estimating the disease risk due to it. In the first place, the same population 

distribution of a marker can be coupled with different modes of inheritance of the 

trait, and hence different risk estimates. For example, the observed distribution of 

the VNTR flanking the Insulin gene (coded as a diallelic marker: M1 for less than 

1000 repeats, M2 for a larger repeat number) in Type I Diabetes [2]
 
may be the 

result of either 

 - a direct role of the VNTR (situation 1),  

in which  case the allele frequencies are (0.67, 0.33)  and the genotypic relative 

risks of  M1M2 and M2M2 versus the risk of M1M1 are GRR1= 0.33 and GRR2= 

0.06, respectively; or  

 - a causal diallelic variant (S1, S2) in LD with the VNTR (M1,M2), with    

P(S1/M1) = 0.2, P (S2/M1) = 0.8 and P (S1/M1) = 1  (situation 2). 

In this case the causal variant has very different allele frequencies (0.13, 0.87) and 

the genotypic relative risks of S1S2 and S2S2 versus the risk of S1S1 are GRR1= 

0.10 and GRR2= 0.004, respectively. 



 We can distinguish between these two situations if we know the allele 

sharing probabilities for the insulin gene among ASPs, which for these two cases, 

letting zi denote the probability that they share i alleles IBD, are respectively:    

   (z2, z1, z0) = (0.29, 0.50, 0.21)  in situation 1 

  and        (z2, z1, z0) = (0.56, 0.39, 0.05)  in situation 2. 

In fact, on the basis of 95 such sib pairs [24], we know that the former is the true 

situation, i.e. the VNTR has a direct role, as has been confirmed by functional 

studies. Thus linkage information is crucial in order to discriminate between these 

two situations that lead to the same association signal. It is important to identify 

models that can explain both the association and the linkage information that is 

found, and not just one of these [25], if we are to obtain good estimates of risk It 

was also the IBD sharing information on sibs affected with Rheumatoid Arthritis 

which showed that the usual classification [26] of the DRB1 risk alleles was 

incorrect because it neglected numerous infrequent risk alleles [27]. 

 Moreover, note that linkage information, far from being redundant once an 

association is found, can be confirmatory. If we have a sample of affected sib 

pairs, information derives from the IBD distribution of an affected sibling 

conditional on that of the index sib [28].  When the index patients have a high risk 

genotype, their affected sibs share two alleles IBD with a probability greater than 

0.25 and, conversely, when the index patients have a low risk genotype, their 

affected sibs share two alleles IBD with probability less than 0.25. One example 

of this is the above cited Insulin VNTR, for which the overall IBD sharing is close 

to the null hypothesis values (0.25, 0.50, 0.25). When the index case is 

homozygous for the susceptibility allele, the proportions of affected sibs sharing 

two, one and zero alleles IBD are 0.27, 0.60 and 0.13, respectively. When the 

index cases have another genotype, the proportions are 0.07, 0.53, 0.40, 

respectively [29]. A similar situation holds for the PTP22 gene in Rheumatoid 

Arthritis. Four different genotypic risk groups can be defined and the proportions 

of ASPs sharing 2 alleles IBD are 0.30, 0.24, 0.22, 0.09 according to the risk 

group (from the highest to the lowest) that the index sib belongs to (Bourgey et al, 

personal communication). Thus linkage data contain considerable information 



capable of aiding in the discrimination of causal variation from merely nearby 

variation that is in LD with a causal variant.  

In a recent study, Lincoln et al [30] used a large-scale SNP association 

strategy to study the involvement of the major histocompatiblity complex in 

Multiple Sclerosis (MS). The strongest association was observed with haplotype 

blocks in the HLA class II region and, conditional on this association, there was 

no evidence for other HLA-region risk factors for MS. Despite the use of a large 

number of simplex and multiplex families with dense SNP typing, the study 

simply concluded with a result that has been known for many years. This is 

another illustration of the limitations of strategies that rely solely on association. 

 

The further importance of family information 

 As we have just seen in the above paragraph, collecting family information 

is important to refine our genetic model and risk estimates. For both clinicians and 

the relatives of a patient, we need estimates of familial risk.  For example, parents 

of a child affected with celiac disease (CD) often ask for the risk to a future child. 

Thanks to good epidemiological familial surveys conducted in Italy, the risk that 

will be given to Italian parents is about 10%. It is now possible to provide even 

more accurate information by performing HLA-DQ typing in the family. The risk, 

in fact, ranges from 1 to 30%: in some situations one will be able to reassure the 

parents with a risk of less than 1%, whereas if a baby is at high risk (about 30%) 

specific follow-up may be offered [31].  

 A major source of complexity in disease etiology is underlying 

heterogeneity. In particular, it is possible for a disease that initially appears to be 

multifactorial to have monogenic sub-entities. Detection of such heterogeneity 

will be impossible through association studies, but is enabled by family studies. 

This is well illustrated by breast cancer, for which the existence of monogenic 

forms (crucial information in terms of public health) was revealed by segregation 

analysis in a very large sample of families containing affected women [32]. The 

location of BRCAI [33], as well as its identification [34] was only possible 

through familial studies. By taking into account the family history of a woman a 



search of a particular mutant allele may be indicated for her medical follow-up. 

Similar examples could be given for other types of cancer, for neurological 

diseases (e.g. Alzheimer disease, frontal dementia, Parkinson disease), for 

cardiovascular diseases (cardiomyopathy), etc. 

 

Note, too, that the well-established phenomena imprinting and anticipation can 

only be detected if family data are collected. Similarly, there have been reports of 

maternal genotype effects for neural tube defects [35;36] and autism [37]. These 

and epigenetic phenomena leading to transgenerational effects [38;39] can only be 

detected if family data are collected. Finally, one could note that it is much easier 

to detect typing errors in family data – though this may be of less importance in 

view of the high accuracy of the current platforms available for genome-wide 

association studies provided appropriate steps are taken to detect errors that are 

known to occur, such as because of abnormal copy number. 

 

 

Conclusion  

 

 Finally, let us return to the quotation  above from Risch and  Merikangas 

[1], which has often been quoted to justify genome-wide case-control association 

studies (though we note in passing that the comparison they made was between  

an ASP linkage study and a study jointly testing linkage and association, i.e. 

performing  genome-wide transmission disequilibrium tests - TDTs) and take it 

two sentences further: “We argue that {the linkage} method has limited power to 

detect genes of modest effect. A different approach that utilizes candidate genes 

has far greater power, even if one needs to test every gene in the genome. Thus, 

the future of the genetics of complex diseases is likely to require large-scale 

testing by association analysis” [emphasis ours].  

 Note carefully it is erroneous to assume that a candidate gene study cannot 

be conducted using linkage analysis, and we have seen above that association 

information should not be considered as being in some way superior to linkage 



information. We firmly believe that the current efforts being put into the 

construction of huge databases for case-control studies should not be done to the 

detriment of continued collection of family data. So many different biological 

mechanisms are possible that it would be foolhardy to restrict all human genetic 

research to a single strategy. This could well lead to the same frustrations that 

followed the wholesale adoption of genome-wide linkage scans (Google counts of 

these genome-wide studies so far: 183,000 for linkage, 181,000 for association). 

One of the greatest current challenges facing human genetics is that of how best to 

gather and synthesize the many lines of evidence possible in order to discover the 

genetic determinants underlying complex diseases. Just as previously, before we 

had so many genetic markers available, it was well recognized that it was 

necessary to use many different lines of evidence to  confirm a genetic component 

in the etiology of a disease – population studies, adoption studies, twin and family 

studies - so now, with the availability of all these genetic markers, must we 

diversify the kinds of studies we perform when using this new tool for the purpose 

of dissecting these genetic components for the betterment of mankind. A wise 

investigator, just like a wise investor, should hedge all bets. 
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