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The science behind the Navigenics service  
 
INTRODUCTION  

All human disease has a genetic component. The Human Genome Project has 

provided us the three billion-letter genetic code which harbors instructions as to how we 

will grow and develop, as well as what diseases we are predisposed to. Case-control 

whole genome association studies have identified alleles at single nucleotide 

polymorphisms (SNPs) that are enriched in common and complex human disorders and 

have identified regions of the genome that predispose to disease. The studies have 

shown that multiple SNPs can predispose to a single condition in combination with 

environmental risk factors. Navigenics is committed to providing fully vetted association 

information that is transparent, understandable and accurate (to the best ability of the 

current state of science to allow probabilistic, pre-symptomatic risk assessment so that 

behavior modification, screening and early detection can be implemented. As the 

science evolves and the data sets become available, we will continually refine our risk 

scores to provide the most robust and accurate data available. Here we present in full 

our assumptions and risk score calculations. 
 

The Genetic Composite Index (GCI) 

In an attempt to qualitatively estimate the association of a condition with the 

combined effect of a set of SNPs, for most of our conditions we use the Genetic 

Composite Index (GCI). This is a score that uses the known risk factors, as well as other 

information and assumptions such as the allele frequencies and the prevalence of the 

disease.  

A higher GCI score can be intuitively interpreted as an indication for an increased 

risk for a condition, although this intuition needs to be validated by future research. We 

expect that under the following assumptions the score will be correlated with an increase 

in risk:  

¥ We assume that the odds ratio values are known.  

¥ We assume that the prevalence of the condition is known. 

¥ We assume that the genotype frequencies in the population are known.  

¥ We assume that the prevalence estimate, reference population for genotype 

frequencies, study population providing the effect sizes and the individual being 

tested are from the same ancestral background. 
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¥ We assume that the amalgamated risk is a product of the different risk factors of 

the individual SNPs (multiplicative model, as described below). This can be 

interpreted as if the SNPs are affecting the condition independently.! 
 
Estimating the Relative Risk 

In epidemiology literature, the relative risk is often considered as an intuitive and 

informative measure of risk. The relative risk can usually be estimated through 

prospective studies, in which a set of healthy individuals is studied over a long period of 

time. Unfortunately, the relative risk cannot be directly calculated in the context of case-

control studies. In these studies odds ratios are normally reported. Even though 

somewhat informative, odds ratios are not very intuitive, and it is often difficult to 

calibrate risk estimates. In particular, the odds ratio could result in a misleading estimate 

of risk, especially in very common diseases, where the odds ratios may be quite high 

even when the increase in risk is minor.   

For many of the associations we are testing, the genotype data itself is not available, 

but in most cases the summary data such as the odds ratios are available. To find the 

relative risks from the odds ratios we first use the fact that the following equation holds: 

 

 

 

If we divide this equation by P(D|NN), we get: 

 

! 

p(D)
p(D |NN)

= fRR" RR + fRN" RN + fNN

 
 

This allows us to write the odds ratios in the following way: 

 

! 

ORRR =
P(D |RR)(1" P(D |NN))
P(D |NN)(1" P(D |RR))

= #RR

p(D)
p(D|NN) " p(D)

p(D)
p(D|NN) " p(D)#RR

=

#RR

fRR#RR + fRN#RN + fNN " p(D)
fRR#RR + fRN#RN + fNN " p(D)#RR  

 

 



 
 

www. navigenics.com / (866) 522 -1585 / +1 (650) 585 -7743     Page  3 of 13   

 

By a similar calculation, we get the following system of equations: 

€ 

ORRR = λRR

fRRλRR + fRNλRN + fNN − p(D)
fRRλRR + fRNλRN + fNN − p(D)λRR

ORRN = λRN

fRRλRR + fRNλRN + fNN − p(D)
fRRλRR + fRNλRN + fNN − p(D)λRN  

(Equation 1)  
 

If the odds ratios, the frequencies of the genotypes in a reference population (we use 

the HapMap set that has a similar ancestral background as the study population) and the 

prevalence of the disease are known, we can find the relative risks by solving this set of 

equations. Note that these are two quadratic equations, and thus they have a maximum 

of four solutions. However, we show below that there is always exactly one possible 

solution to this equation. 

If multi-markers or other multi-allelic variants are considered, the calculation is 

slightly complicated. We will denote by a0,a1,É,a k the possible k+1 alleles, where a0 is 

the non-risk allele. We assume allele frequencies f0,f1,f2,É,f k in the population for the k+1 

possible alleles. For allele i, the relative risk and odds-ratios are defined as 

 

! 

" i =
P(D |ai )
P(D |a0)

ORi =
P(D |ai )(1# P(D |a0))
P(D |a0)(1# P(D |ai ))

= " i

1# P(D |a0)
1# P(D |ai )  

 

The following equation holds for: 

! 

p(D) = fiP(D |ai )
i=0

k

"
 

 

Thus, by dividing both sides of the equation by p(D|a0), we get: 

 

! 

p(D)
P(D |a0)

= f i" i
i=0

k

#
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We thus get: 

! 

ORi = " i

f i" i
i=0

k

# $ p(D)

fi" i
i=0

k

# $ " i p(D)
, 

 

By setting 

! 

C = fi" i
i=0

k

#
, we get 

! 

" i = C#
ORi

p(D)ORi + C $ p(D) .  

 

Thus, by the definition of C, we have: 

! 

1= fi
" i

C
i=0

k

# =
fiORi

p(D)ORi + C $ p(D)i=0

k

#
. 

 

This is a polynomial equation with one variable C. Once C is determined, the relative 

risks are determined. The polynomial is of degree k+1, and thus we expect to have at 

most k+1 solutions. However, since the right-hand side of the equation is strictly 

decreasing as a function of C, there can only be one solution to this equation. Finding 

this solution is easy using a binary search, since we know that the solution is bounded 

between C=1 and

! 

C = ORi
i=0

k

" . 

 

Robustness of the Relative Risk Estimation 

We measured the effect of each of the different parameters (prevalence, allele 

frequencies and odds ratio errors) on the estimates of the relative risks (Figures 1 and 

2). In all cases when p(D) = 0, we have that ! RR = ORRR , and ! RN = ORRN , and when 

p(D) = 1, we have that ! RR = ! RN = 1. Additionally, we observe that when the risk allele 

frequency is high, ! RR approaches a linear behavior, and !RN approaches a concave 

function with a bounded second derivative. When the risk-allele frequency is low, ! RR 

and ! RN approach the behavior of the function 1/p(D). This means that for high risk-allele 

frequency (of which many of the risk alleles are), wrong estimates of the prevalence will 

not affect the resulting relative risk by much. 
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Figure 1: 

 

 

 

The effect of the estimate of the prevalence on the relative risk estimates for different 

risk allele frequencies (1a, 1b, 1c, 1d, 1e, and 1f). For each risk allele frequency six lines 

are drawn in pairs. Black lines correspond to odds-ratios of 9 and 6, RR and RN, 

respectively, red lines to 6 and 4, and blue lines to 3 and 2. 
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Figure 2: 

 

 
 

 

The effect of the estimate of allele frequencies on the relative risk estimates for different 

prevalence values (2a, 2b, 2c, 2d, 2e, and 2f). For each prevalence value, six lines are 

drawn in pairs. Black lines correspond to odds-ratios of 9 and 6, RR and RN, 
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respectively, red lines to 6 and 4, and blue lines to 3 and 2. 

 

The Multipl icative Model 

In computing the GCI, we make the assumption that the risk attributed to the set of 

SNPs is the product of the risks attributed to the individual SNPs. Formally, we assume 

that there are k SNPs with risk alleles r1 , . . . , rk and non-risk alleles n1 , . . . , nk . In SNP 

i, we denote the three possible genotype values as ri ri , ni ri , and ni ni . The genotype 

information of an individual can be described by a vector, (g1 , . . . , gk ), where gi can be 

0, 1, or 2, according to the number of risk alleles in position i. We denote by the relative 

risk of a heterozygous genotype in position i compared to a homozygous non-risk allele 

at the same position.  

In other words, we define

! 

" 1
i =

p(D |niri )
p(D |nini )

. Similarly, we denote the relative risk of the 

ri ri genotype as

! 

" 2
i =

p(D | riri )
p(D |nini )

. Under the multiplicative model we assume that the risk 

of an individual with a genotype (g1 , . . . , gk) is !
=

=
k

i

i
gk i

ggGCI
1

,1 ),...,( " .  

The multiplicative model has been previously used in the literature in order to 

simulate case-control studies, or for visualization purposes. Other models are possible. 

In particular, below we consider what we refer to as an additive model, in which we take 

the sum of the relative risks instead of the product of the relative risks. 

 

The GCI Score Ð An IndividualÕs Risk Compared to the Population 

For each of the k risk loci, we calculate the relative risk from the odds ratio using 

equation system 1. Then, we calculate the multiplicative score for each individual in the 

reference set. The GCI of an individual with a multiplicative score of s is the fraction of all 

individuals in the reference dataset with a score of si ! s. For instance, if 50 percent of 

the individuals in the reference set have a multiplicative score smaller than s, the final 

GCI score of the individual would be 0.5.   

We calculated the GCI score based on the above models across the HapMap CEU 

population, for 10 SNPs associated with T2D. For each of these SNPs, an odds ratio for 

the three possible genotypes is reported in the literature. We calculated the GCI rank for 

each of the 59 CEU HapMap founders with 100 percent call rate across all 10 SNPs 
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according to two models (multiplicative and additive).  

We observe that for this dataset the different models give highly correlated results. 

We calculated the Spearman correlation between each pair of models and found that the 

multiplicative and additive model have a correlation coefficient of 0.97, and thus the GCI 

score should be robust to whether we use additive or multiplicative models. These 

results indicate that the ranking of the scores provides a robust framework that 

minimizes the dependency on the model.  

 

Figure 3: 

 

   
 

Left: Pair-wise comparison of the absolute values (GCI scores) based on different 

models. 

Right: Pair-wise comparison of the ranked values (GCI scores) based on different 

models.  
 

Estimated Lifetime Risk Calculation 

Lifetime risk estimates for the general population are based on authoritative 

epidemiological reports in the medical literature, typically for a white U.S. population,  

separately for each gender. The lifetime risk for some conditions is difficult to know with 

certainty.  For these conditions, lifetime risk is estimated by cumulative incidence, 

calculated as the incidence rate*population/births.  This measure approximates lifetime 

risk under the following conditions:  (1) population is fixed (number of births=number of 

deaths, no immigration); (2) incidence of disease is unchanged over time period; and (3) 

maximum lifespan is fixed.  

 
For calculating genotype specific lifetime risk, we will use the following assumptions:   
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¥ All the assumptions included in the GCI score except we do not assume the 

prevalence is known  

¥ We assume that the average lifetime risk is known  

¥ We assume that the frequency of a multi-SNP genotype of an individual is the 

product of frequencies of the genotypes of each of the SNPs. In other words, we 

assume that the different SNPs are independent across the population.  

 

The following calculation is sensitive to the independence and multiplicative model 

assumption, but relatively reasonable for the other assumptions. 

Let g0 , . . . , gk be the k + 1 possible genotypes (for instance, for three SNPs we 

have k + 1 = 27. Let g0 be the N N N N N N . . . N N genotype, i.e., all SNPs carry the 

non-risk alleles. Let fi  be the frequency of gi in the general population, and let p(D | gi ) 

be the frequency of the disease among people that carry the genotype gi . Furthermore, 

let p = p(D) be the average risk for an individual of developing the disease over the 

course of his/her lifestime, and let ! i = p(D | gi)/p(D | g0). We assume that p, ! i , and fi  are 

known for every i. Note that this is a strong assumption since values of fi  are hard to 

estimate with 60 HapMap individuals, but we will replace this assumption with the 

assumption of independence soon. 

We are interested in computing P (D | gi ), i.e., what is the probability of having the 

disease given that you carry the genotype gi . By definition, 

€ 

p = f iP(D |gi )
i= 0

k

∑  

 

By the definition of ! i , if we divide by p(D | g0 ), we get:  

! 

p
P(D |g0)

= f i" i
i=0

k

#  

 

Therefore,  

! 

p(D |g0) =
p

fi" i
i=0

k

#
 

 

On the right hand side, all the terms are assumed to be known. We can now find the 

desired probability, since  
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! 

p(D |gi ) =
p(D |gi )
p(D |g0)

" p(D |g0) = #i "
p

f i#i
i=0

k

$
!

 

Now, our assumptions above are quite strong, since estimating fi is quite infeasible, 

especially when many SNP are involved. Imagine for instance the case of a hypothetical 

disease, where there are 10 SNPs that are associated with the disease. The number of 

possible genotypes is 310 and so in order to estimate correctly their frequencies, we 

need at least as many individuals. In the absence of very large data sets, we assume 

that the SNPs are independent. If the genotype gi is composed of (gi1 , . . . , gil ), then the 

frequency fi could be assumed to be 

! 

f i = f ij
j =1

l

" . We can estimate the frequency of gil 

much better now, since there are only three possible genotypes (RR, RN, NN), and 60 

HapMap people would give a Òreasonably goodÓ estimate.  

The other assumption that we have to make is how to find ! i . Note that ! i is not given 

-- this is the relative risk of the combined SNPs, and not of each of the single SNPs. If 

we use the multiplicative model, we essentially assume that 

! 

p(D |gi ) = Z " p(D |gij )
j=1

l

#  

where Z is a normalizing factor, or alternatively, that

! 

" i = " ij
j =1

l

# , where ! ij is the relative 

risk of genotype gij. Any estimated lifetime risk values are capped at 80 percent to 

reinforce the concept of probabilistic, rather than deterministic, values. 

In summary, because of the above caveats and strong assumptions of the estimated 

lifetime risk calculation, it should be used as a gross visualization tool, with more 

attention being paid to the relative ranking of the score compared with the general 

population rather than the absolute number. In the future, we will be adding confidence 

intervals to the genetic composite index and the estimated lifetime risk calculation to 

provide a better indication of the imprecision of the calculations. 

 

Relative Lifetime Risk verses Relative Risk 

In the above lifetime risk calculation, we estimate a personÕs risk for developing a 

condition based on the average lifetime risk in the population. Therefore, our use of the 
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relative risk is different than the traditional use of relative risk. Traditionally, the relative 

risk corresponds to the ratio of the frequency of cases among individuals carrying the 

risk alleles, and the frequency of cases among individuals carrying the non-risk alleles. 

Thus, in the context of lifetime risk estimates the relative risk definition implicitly 

assumes that the controls are not going to develop the condition through the rest of their 

life. Clearly, this assumption might be detrimental to the accuracy of the estimates, 

especially for very common diseases that are more prevalent in old age. We therefore 

define the relative lifetime risk, which is the ratio between the risk of an individual that 

carries the risk allele of developing the disease through their lifetime to the risk of an 

individual that carries the non-risk allele of developing the disease through their lifetime.   

 

We now explain how the relative lifetime risk is calculated. We will keep our notations 

of a0,a1,É,a k and the  allele frequencies f0,f1,f2,É,f k. We assume that the studied 

individuals can be divided into three groups: CA, Y, and Z. CA denotes the cases, while 

Y and Z are controls. As opposed to individuals from Z, we assume that individuals from 

Y will eventually develop the condition. We will also denote by CO the union of Y and Z, 

and by D the union of Y and CA. We will assume that |Y|=" |CO|=" (|Y|+|Z|), where "  is 

the fraction of controls that will develop the condition within their lifetime. "  is upper 

bounded by the average lifetime risk. Possibly, "  may be smaller than the average 

lifetime, depending on the age of onset of the disease, and the ages of the controls.  

 

We can now write the relative risk and the odds ratios as: 

 

! 

" i =
P(CA#Y |ai )
P(CA#Y |a0)

ORi =
P(ai |CA)P(a0 |CO)
P(a0 |CA)P(ai |CO)

 

We can rewrite the odds ratios: 
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! 

ORi =
P(ai | CA)P(a0 | CO)
P(a0 | CA)P(ai | CO)

=
P(ai | CA)
P(a0 | CA)

"
#P(a0 | Y) + (1$# )P(a0 | Z)
#P(ai | Y) + (1$# )P(ai | Z)

=

=
P(CA| ai )
P(CA| a0 )

"
#P(Y | a0 ) + (1$# )P(Z | a0 )
#P(Y | ai ) + (1$# )P(Z | ai )

=

=
P(CA| ai )
P(CA| a0 )

"
#P(CA| a0 ) + (1$# )P(Z | a0 )
#P(CA| ai ) + (1$# )P(Z | ai )

 

The derivation from the first to second line is based on Bayes law, while the third line 

is based on the fact that CA and Y are essentially the same population, and thus 

P(CA|ai) = P(Y|ai). We will now use the fact that P(Z|ai) = 1-P(CA|ai), and get: 

 

! 

ORi =
P(CA|ai )
P(CA|a0)

"
(2# $1)P(CA|a0) +1$#
(2# $1)P(CA|ai ) +1$#

= %i "
(2# $1)P(CA|a0) +1$#
(2# $1)P(CA|ai ) +1$#

. 

 

As before, we know that 

€ 

p(D) = f iP(D |ai )
i= 0

k

∑ , where p(D) is the average lifetime 

risk. We can thus use the equality

€ 

C :=
p(D)

P(CA |a0)
= fiλi

i= 0

k

∑ , and rewrite the odds ratios 

as: 

 

! 

ORi = " i #
(2$ %1)P(D) + (1%$ )C

(2$ %1)P(D)" i + (1%$ )C
. 

Thus, if C is given, we can find the relative lifetime risk by assigning 

! 

" i =
(1#$ )C%ORi

(2$ #1)P(D)(1# ORi ) + (1#$ )C
 

We can now find C by solving the equation 

! 

1= fi
" i

C
i=0

k

# =
fi (1$%)ORi

(2%$1)p(D)(1$ ORi ) + (1$%)Ci=0

k

#  

 

One can verify that by the definition of C and the odds ratios, 

! 

C > (2" #1)p(D)(ORi #1). Therefore, the right hand side is a decreasing function of C, 

and we can find it by applying a binary search. 
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Other Types of Conditions 

For some conditions, such as hemochromatosis and lactose intolerance, odds ratios and 

lifetime risk estimates are not available. For such conditions, we do not calculate the GCI 

score, but simply report a personÕs risk relative to a reference population. 

 

 

 


