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ABSTRACT

The cost of adverse selection in the life and critical illness (CI) insurance markets,
brought about by restrictions on insurers’ use of genetic test information, has
been studied for a variety of rare single-gene disorders. Only now do we
have a study of a common disorder (breast cancer) that accounts for the risk
associated with multiple genes. Such a collection of genes is called a polygene.
We take two approaches to modelling the severity of adverse selection which
may result from insurers being unable to take account of tests for polygenes
as well as major genes. First, we look at several genetic testing scenarios, with
a corresponding range of possible insurance-buying behaviours, in a market
model for CI insurance. Because a relatively large proportion of the population
is exposed to adverse polygenic risk, the costs of adverse selection are poten-
tially much greater than have been associated with rare single genes. Second,
we use utility models to map out when adverse selection will appear, and which
risk groups will cause it. Levels of risk aversion consistent with some empiri-
cal studies do not lead to significant adverse selection in our model, but lower
levels of risk aversion could effectively eliminate the market.

KEYWORDS

Adverse Selection; BRCA1; BRCA2; Breast Cancer; Critical Illness Insurance;
Polygene.

1. INTRODUCTION

1.1. Major Genes and Polygenes

The link between high risks of breast cancer (BC) and ovarian cancer (OC),
and rare mutations in either of the BRCA1 and BRCA2 genes, is well-estab-
lished. Several actuarial studies (Lemaire et al., 1999; Subramanian et al., 2000;
Macdonald, Waters & Wekwete, 2003a, 2003b; Gui et al., 2006) have considered
the implications for the markets in life insurance and critical illness (CI) insurance
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(known as dread disease insurance in continental Europe). Single genes asso-
ciated with greatly increased disease risk are called ‘major genes’. On the whole,
these studies have found that insurance premiums for mutation carriers may
be greatly elevated, but that banning the use of genetic test results would not
lead to significant costs arising from adverse selection, because mutations are
so rare. Moreover, insurers may often still have regard to family history.

More recently a different type of genetic risk called ‘polygenic’ has been
associated with BC. What we will call a ‘polygene’ is a collection of genes, each
with several variants, called ‘alleles’, not necessarily rare. Adverse configura-
tions of a polygene might confer susceptibility to a particular disease, or beneficial
configurations might protect against it. These outcomes could also be strongly
influenced by the environment. It is likely that we all carry some ‘good’ and
some ‘bad’ polygene configurations, but this is quite speculative at this stage.

Genetic science is moving on, from understanding single-gene disorders to
beginning to understand polygenic disorders. We highlight some key differ-
ences between the two, that could affect questions of insurance.

(a) Mutations in major genes are rare, but polygenes will be present (in all
their varieties of configurations) in every person. So, instead of tiny numbers
of people with very high risks, larger numbers with modestly increased risks
may contribute to the cost of adverse selection.

(b) Genetic testing for major gene mutations is, in many countries, controlled
by public health services and is only offered if family history suggests a
mutation is present. Polygenic risk, however, need not be associated with
any clear family history, so genetic testing for risky polygenes will be initi-
ated in some other way, such as screening programmes or selling direct to
the public.

That said, research is at a very early stage and genetic testing for risky polygenes
is not yet feasible.

1.2. The Polygenic Breast Cancer Model of Antoniou et al. (2002)

Antoniou et al. (2002) estimated rates of onset of BC and OC in a model
assuming the presence of: (a) rare mutations in the major genes BRCA1 and
BRCA2; and (b) a polygene affecting BC risk only. The polygene was modelled
as a collection of three genes, each with a protective and a deleterious allele.
Since everyone possesses two copies of every nuclear gene (ignoring sex chro-
mosomes) each person carries six of these alleles. The quantitative effect of the
polygene was governed by a number called the ‘polygenotype’, denoted P,
which was the sum of the contributions of each allele: an adverse allele con-
tributed +1/2, and a protective allele contributed –1/2. Thus P was an integer
between –3 (beneficial) and +3 (adverse). P was assumed to act multiplicatively
on the onset rate of BC as follows:

Onset Rate for Polygenotype P = Baseline Onset Rate ≈ exp(cP) (1)
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where the baseline onset rate is that for P = 0, and the constant c is just a scale
factor. Assuming each allele to be equally common, and inherited independently
of the others, the distribution in the population of the quantity (P + 3) is Bino-
mial(6,1/2).

Macdonald & McIvor (2006) used this polygenic model to estimate critical
illness (CI) insurance prices. They considered the influence of the polygene on
the development of family histories of BC/OC, and their use in underwriting.

1.3. Multi-State Market Models for Adverse Selection

Our aim is to study the impact of the polygenic model on adverse selection in
the CI insurance market. Adverse selection arises when an individual is able
to obtain insurance without having to disclose all the information that the
insurer requires to price the contract accurately, so the applicant obtains cover
below its full cost. An obvious first approach is to adapt the models used to
address this question in respect of single-gene disorders. These are Markov
multi-state models of the life history of a person who starts healthy and unin-
sured, and who may pass through a series of states representing relevant events,
such as acquiring a family history, taking a genetic test, buying CI insurance,
and suffering onset of BC/OC. By allowing some transition intensities to depend
on the person’s current knowledge, we can model how that influences various
decisions. By basing premium rates on the insurer’s lack of knowledge, we can
model their exposure to adverse selection. The outcomes translate directly into
the uniform increase in premiums that would be needed to recoup the cost of
the adverse selection, a simple and relevant measure. We do this in Section 2,
where a new consideration is the different routes to genetic testing that may
come to be associated with polygenes.

1.4. An Economic Framework for Adverse Selection

An acknowledged weakness of the multi-state market model described above
is its lack of economic rationale. That is, it posits certain behaviour (adverse
selection) on the part of market participants. This behaviour changes the price
of CI policies. There it ends, in our model, but an economist would iterate the
process, price and behaviour changing each other, until (or if) equilibrium was
reached.

It is hard to incorporate equilibrium prices into the Markov market model
directly. Other approaches exist, considering the insurance-buying decision at
a fixed time, setting the applicant’s knowledge (and utility function) against the
insurer’s ignorance (and pooling instincts), and seeing whether insurance would
be purchased, by whom, and perhaps also how much (Hoy & Witt, 2007; Mac-
donald & Tapadar, 2008). Using the polygenic BC model, we implement this
approach in Section 3. We discuss the different insights that the two approaches
bring, and draw conclusions, in Section 4.
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2. MULTI-STATE MARKET MODELS FOR ADVERSE SELECTION

2.1. The Basic Market Model

We begin with the model in Figure 1. Each genotype is represented by a version
of this model, with different rates of onset of BC and OC. The model represents
the life history of a person, as yet uninsured, who may buy insurance before
or after having a genetic test. Premiums are payable while in either of the insured
states, and the benefits are payable on transition from either of these states
into a ‘critical illness’ state (which represents the onset of BC, OC, or another
critical illness).

Some of the assumptions we make are as follows:

(a) Large and small markets are represented by ‘normal’ rates of insurance pur-
chase of 0.05 or 0.01 per annum, respectively.

(b) In both markets, low risk polygenotype carriers may buy less insurance
than the ‘normal’ rate. These carriers purchase at the normal rate, half of
the normal rate, or not at all.

(c) Genetic testing occurs at three possible rates per annum: 0.02972 (low),
0.04458 (medium), or 0.08916 (high), based on an uptake proportion of 59%
(Ropka et al., 2006) over a period of 30, 20, or 10 years of testing respec-
tively. Also, testing may only occur between ages 20 and 40 (when it has high
priority).

(d) ‘Severe’ adverse selection means that high-risk polygenotype carriers will
purchase insurance at rate 0.25 per annum.
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FIGURE 1: A model of the behaviour of a genetic subpopulation with respect to the purchasing of CI
insurance. Genetic testing is available at an equal rate to all subpopulations.

https://doi.org/10.2143/AST.39.2.2044640 Published online by Cambridge University Press

https://doi.org/10.2143/AST.39.2.2044640


All other intensities, governing transitions into the ‘Dead’ and ‘Critical Illness’
states, are as in Macdonald & McIvor (2006) and are omitted for brevity.
NPEPVs of benefits and premiums are found by solving Thiele’s differential
equations backwards numerically with force of interest d = 0.05. Occupancy
probabilities are found by solving Kolmogorov’s Forward Equations. For both,
we use a step-size of 0.0005 years.

2.2. A Genetic Screening Programme for the Polygene Only

For simplicity, the first possibility we consider is that a genetic screening pro-
gramme exists for the polygenotype only, not extending to the BRCA1/2 geno-
types. There are seven polygenotypes, therefore a 42-state model. We assume
that the distribution of new-born persons in the seven sub-populations is Bino-
mial(6,1/2), and that mortality and morbidity before age 20 does not depend
on genotype (so that the expected proportions in each starting state at age 20
have not changed). Since the rate of BC onset is negligible before about age 30,
this assumption seems reasonable.
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Low Risk High Risk

(a) –3 –2 –1 0 +1 +2 +3

Buy Less Insurance Buy More Insurance

(b) –3 –2 –1 0 +1 +2 +3

Buy Less Insurance Buy More Insurance

(c) –3 –2 –1 0 +1 +2 +3

Buy Less Insurance Buy More Insurance

FIGURE 2: Three possible behaviours of tested polygenotype carriers in the adverse selection model,
labelled (a), (b) and (c).

   


 

Tested carriers may alter their insurance-buying habits, in one of two ways:
carriers of deleterious polygenotypes may buy more insurance, or carriers of
protective polygenotypes may buy less insurance. This latter behaviour is
uncommon in adverse selection studies; it is usually assumed that individuals
who receive negative test results for rare, severe, mutations will purchase insur-
ance at the normal market rate. One study (Subramanian et al., 1999) performed
a sensitivity analysis where tested non-carriers could reduce their coverage.
It is plausible that this makes more sense from an economic point of view.
Figure 2 shows three scenarios of differing severity.

https://doi.org/10.2143/AST.39.2.2044640 Published online by Cambridge University Press

https://doi.org/10.2143/AST.39.2.2044640


The percentage by which all premiums must be raised in order to negate
the adverse selection costs is:

(EPV[Loss|Adverse Selection] – EPV[Loss|No Adverse Selection]
100 ≈ ( ) . (2)

EPV[Premium Income|Adverse Selection]

Table 1 shows the premium increases needed to absorb the costs of the adverse
selection under each scenario in Figure 2. Compared with previous results based
on major genes only (Gui et al., 2006; Gutierrez & Macdonald, 2007) these are
very high. This is because deleterious polygenotypes are more common than
major gene mutations, and also because these authors did not have to consider
the possibility that carriers of beneficial genotypes would buy less insurance.
Note the large fall in costs between Scenarios (b) and (c). In Scenario (c), adverse
selection is confined to the tails of the Binomial distribution of polygenotypes.

Curiously, in a small market the cost of adverse selection is always higher
in Scenario (b) than in (a). This is because premium increases are relative to a
baseline ‘ordinary’ rate (OR rate), which is higher in Scenario (a) than in (b).

378 A.S. MACDONALD AND K.R. MCIVOR

TABLE 1

COSTS OF ADVERSE SELECTION RESULTING FROM HIGH RISK POLYGENOTYPE CARRIERS

BUYING MORE INSURANCE THAN LOW RISK POLYGENOTYPE CARRIERS IN A CRITICAL ILLNESS

INSURANCE MARKET OPEN TO FEMALES BETWEEN AGES 20-60.
SCREENING AVAILABLE FOR THE POLYGENE ONLY.

Genetic Market Insurance Purchasing of Premium Increase in Scenario
Testing Size Low Risk Polygenotypes (a) (b) (c)

% % %

Low Large Normal 1.05975 0.90051 0.26447
Half 1.69947 1.42748 0.30825
Nil 2.86994 2.36206 0.38349

Small Normal 6.81382 7.03421 1.03701
Half 7.72964 7.90872 1.10420
Nil 8.86328 8.94001 1.17995

Medium Large Normal 1.39994 1.20315 0.29909
Half 2.27895 1.93093 0.35897
Nil 3.95151 3.25381 0.46294

Small Normal 8.25781 9.04200 1.32143
Half 9.49144 10.27268 1.41322
Nil 11.10982 11.75999 1.51728

High Large Normal 2.01615 1.77037 0.36453
Half 3.40261 2.92799 0.45793
Nil 6.32401 5.15661 0.62418

Small Normal 10.31240 12.36857 1.83292
Half 12.19959 14.37086 1.97494
Nil 15.09918 16.92565 2.13791
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We repeated the experiment for the case where high-risk polygenotype car-
riers purchase insurance at the normal rate, hence they do not contribute to
adverse selection. However low-risk polygenotype carriers may still modify
their purchasing behaviour by purchasing at half the normal rate or not pur-
chasing at all. Table 2 shows the effect of such behaviour on the cost of adverse
selection. (When the low-risk polygenotype carriers purchase at the normal
rate, there is no adverse selection.)

2.3. A Genetic Screening Programme for the Polygene and Major Genes

Now we consider the possibility that screening is available for the major BRCA1
and BRCA2 genotypes, as well as for the polygenotype. We have 3 ≈ 7 = 21 dis-
tinct genotypes, and 126 states in the model. We assume population frequencies
of BRCA1 and BRCA2 mutations of 0.0010181 and 0.0013577 respectively (Anto-
niou et al., 2002).

We consider the same adverse selection scenarios as in Figure 2, but addi-
tionally those who carry adverse BRCA1/2 mutations exercise selection (that
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TABLE 2

COSTS OF ADVERSE SELECTION RESULTING FROM LOW RISK POLYGENOTYPE CARRIERS BUYING LESS INSURANCE

THAN NORMAL IN A CRITICAL ILLNESS INSURANCE MARKET OPEN TO FEMALES BETWEEN AGES 20-60.
HIGH RISK POLYGENOTYPE CARRIERS BUY INSURANCE AT NORMAL RATE.

SCREENING AVAILABLE FOR THE POLYGENE ONLY.

Genetic Market Insurance Purchasing of Premium Increase in Scenario
Testing Size Low Risk Polygenotypes (a) (b) (c)

% % %

Low Large Normal 0.00000 0.00000 0.00000
Half 0.64468 0.51917 0.16535
Nil 1.82361 1.44036 0.44408

Small Normal 0.00000 0.00000 0.00000
Half 0.98952 0.78697 0.24367
Nil 2.19323 1.71326 0.51771

Medium Large Normal 0.00000 0.00000 0.00000
Half 0.88799 0.71343 0.22642
Nil 2.57479 2.01092 0.61215

Small Normal 0.00000 0.00000 0.00000
Half 1.36056 1.07732 0.33161
Nil 3.08502 2.37443 0.70689

High Large Normal 0.00000 0.00000 0.00000
Half 1.40648 1.12406 0.35433
Nil 4.35040 3.28932 0.97370

Small Normal 0.00000 0.00000 0.00000
Half 2.13881 1.67679 0.51027
Nil 5.14799 3.79710 1.09563
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is to say, they decide to insure, without sharing their knowledge of their ele-
vated risk) regardless of polygenotype. The resulting premium increases are shown
in Table 3. They are not much larger than those in Table 1, the greatest increase
being in Scenario (c). Compared with screening for the polygene alone, the
adverse selection costs if screening is extended to BRCA1/2 mutations are not
high.

We also considered the possibility that some BRCA1/2 mutation carriers do
not buy more insurance, if they carry a protective polygenotype which ‘voids’
the BRCA1/2 risk. It was shown in Macdonald & McIvor (2006) that BRCA1/2
mutation carriers with P = –3 could plausibly obtain CI insurance at ordinary
rates. The effect was very small, and we omit the results.

2.4. More Limited Genetic Testing for the Polygene and Major Genes

Only about 25% of BC cases are hereditary and only about 20% of these are
caused by identifiable (major) genes, so mass screening programmes for these
would be ineffective. Much more likely is that testing will continue to be offered
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TABLE 3

COSTS OF ADVERSE SELECTION RESULTING FROM HIGH RISK POLYGENOTYPE CARRIERS BUYING MORE

INSURANCE THAN LOW RISK POLYGENOTYPE CARRIERS IN A CRITICAL ILLNESS INSURANCE MARKET OPEN TO

FEMALES BETWEEN AGES 20-60. SCREENING AVAILABLE FOR MAJOR GENES AND THE POLYGENE.

Genetic Market Insurance Purchasing of Premium Increase in Scenario
Testing Size Low Risk Polygenotypes (a) (b) (c)

% % %

Low Large Normal 1.08112 0.93445 0.34798
Half 1.73147 1.47837 0.53487
Nil 2.92044 2.44180 0.84843

Small Normal 6.92408 7.25457 2.86768
Half 7.85526 8.15781 3.15438
Nil 9.00878 9.22405 3.47696

Medium Large Normal 1.42838 1.24882 0.46798
Half 2.32238 2.00052 0.72474
Nil 4.02274 3.36579 1.16023

Small Normal 8.39054 9.32273 3.81134
Half 9.64599 10.59581 4.20875
Nil 11.29504 12.13682 4.65893

High Large Normal 2.05799 1.83889 0.69839
Half 3.46956 3.03642 1.10290
Nil 6.44544 5.34242 1.80734

Small Normal 10.47855 12.75016 5.53492
Half 12.40261 14.82749 6.16727
Nil 15.36631 17.48591 6.89426
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only to women who present a relevant family history of BC/OC, who are
more likely to carry deleterious genes. Therefore we adjust our original model
as shown in Figure 3, to include the development of a relevant family history,
which is now taken to be a prerequisite for genetic testing.
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FIGURE 3: A model of the behaviour of a genetic subpopulation with respect to the purchasing of CI
insurance. Genetic testing is available only after the appearance of a relevant family history (FH) of BC/OC.

1 Uninsured
Untested
No FH

2 Insured
Untested
No FH

7 Critical
Illness

8
Dead

4 Insured
Untested

FH

6 Insured
Tested

FH

5 Uninsured
Tested

FH

3 Uninsured
Untested

FH

We define a ‘relevant’ family history to mean that a healthy woman has two
or more female first-degree relatives (FDRs) who contracted BC/OC before
age 50. (FDR normally means parents and siblings but in what follows we
limit it to mother and sisters.) The incidence of a relevant family history was
calculated using the formula common in epidemiology:

Number of new cases arising in specified time period
Incidence Rate = . (3)

Number of individuals at risk during the time period

In order to be categorised as ‘at risk’ of a relevant family history developing
a woman must be healthy, with either: (a) no FDRs affected before age 50 and
at least two unaffected FDRs under age 50; or (b) one FDR affected before
age 50 and at least one unaffected FDR under age 50. If a relevant family his-
tory develops, each healthy daughter contributes as a ‘new case’ in the incidence
at that time. These rates were estimated by simulation in Macdonald & McIvor
(2006). The incidence rate is shown in Figure 4 for the subpopulations with-
out BRCA mutations in the family, and in Figure 5 for the BRCA1 and BRCA2
carrier families. Since we assume all siblings to be the same age, no relevant
family history can develop after age 50.
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FIGURE 4: The incidence of a relevant family history for the subpopulations
without BRCA mutations.

FIGURE 5: The incidence of a relevant family history for the subpopulations
with BRCA1/2 mutations in the family.
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The rate of genetic testing per annum among women who have developed a rel-
evant family history we take to be 0.04012 (low), 0.06020 (medium) or 0.12040
(high), based on a proportion of 70% (Ropka et al., 2006) being tested over a
30, 20 or 10 year period, respectively.

The results are in Table 4. The costs of adverse selection are greatly reduced
when a relevant family history is a prerequisite for a genetic test. Once again
a small insurance market suffers higher relative costs.

2.5. Separate Testing for the Polygene and Major Genes

Perhaps a more realistic situation is that testing for major genes is conducted
through a public health service, once a relevant family history has signalled the
risk, and testing for the polygene may be sought privately (by asymptomatic
individuals). Therefore, we have two different testing events: one for the BRCA1/2
genes and one for the polygene, leading to the model shown in Figure 6. Both
the family-history related and the non-family-history related testing rates may
be at the low, medium or high levels.
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TABLE 4

COSTS OF ADVERSE SELECTION RESULTING FROM HIGH RISK POLYGENOTYPE CARRIERS BUYING MORE

INSURANCE THAN LOW RISK POLYGENOTYPE CARRIERS IN A CRITICAL ILLNESS INSURANCE MARKET

OPEN TO FEMALES BETWEEN AGES 20-60. TESTING AVAILABLE FOR MAJOR GENES AND THE POLYGENE

AFTER THE ONSET OF A RELEVANT FAMILY HISTORY.

Genetic Market Insurance Purchasing of Premium Increase in Scenario
Testing Size Low Risk Polygenotypes (a) (b) (c)

% % %

Low Large Normal 0.00026 0.00025 0.00020
Half 0.00034 0.00031 0.00025
Nil 0.00044 0.00041 0.00031

Small Normal 0.00180 0.00164 0.00118
Half 0.00192 0.00175 0.00125
Nil 0.00206 0.00187 0.00134

Medium Large Normal 0.00034 0.00032 0.00025
Half 0.00044 0.00041 0.00032
Nil 0.00059 0.00055 0.00041

Small Normal 0.00255 0.00232 0.00165
Half 0.00273 0.00248 0.00177
Nil 0.00292 0.00266 0.00189

High Large Normal 0.00053 0.00049 0.00038
Half 0.00071 0.00066 0.00049
Nil 0.00098 0.00089 0.00065

Small Normal 0.00445 0.00404 0.00287
Half 0.00477 0.00433 0.00306
Nil 0.00511 0.00463 0.00327
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FIGURE 6: A model of the behaviour of a genetic subpopulation with respect to the purchasing of CI
insurance. Genetic testing for major genes (MG) is available only after the appearance of a relevant family
history (FH) of BC/OC. Testing for the polygene (P) is available before a relevant family history has appeared.
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TABLE 5

COSTS OF ADVERSE SELECTION RESULTING FROM HIGH RISK POLYGENOTYPE CARRIERS BUYING MORE

INSURANCE THAN LOW RISK POLYGENOTYPE CARRIERS IN A CRITICAL ILLNESS INSURANCE MARKET OPEN TO

FEMALES BETWEEN AGES 20-60. SEPARATE TESTING FOR POLYGENE AND MAJOR GENES.

Genetic Market Insurance Purchasing of Premium Increase in Scenario
Testing Size Low Risk Polygenotypes (a) (b) (c)

% % %

Low Large Normal 1.04241 0.89201 0.30311
Half 1.67193 1.41431 0.46840
Nil 2.82281 2.34075 0.74706

Small Normal 6.71995 6.97657 2.53289
Half 7.61851 7.84459 2.78778
Nil 8.72852 8.86823 3.07451

Medium Large Normal 1.37917 1.19288 0.40759
Half 2.24492 1.91474 0.63453
Nil 3.88979 3.22682 1.02114

Small Normal 8.15742 8.97684 3.36875
Half 9.36749 10.19844 3.72104
Nil 10.95022 11.67450 4.11975

High Large Normal 1.99302 1.75879 0.60791
Half 3.36192 2.90895 0.96494
Nil 6.23846 5.12262 1.58888

Small Normal 10.22137 12.30461 4.89643
Half 12.07653 14.29422 5.45403
Nil 14.91496 16.83171 6.09361
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Our results, in Table 5, show somewhat smaller costs than the ‘combined test-
ing’ model (Table 3). In fact, the costs are close to those of the polygene-only
screening programme (Table 1).

We have so far assumed that ‘severe’ adverse selection takes place, defined
as a rate of insurance purchase of 0.25 per annum by carriers of high-risk
polygenotypes and BRCA1/2 mutations. We assume a less severe rate of adverse
selection to be 0.1 per annum. Table 6 gives the costs of adverse selection when
we apply this more modest rate of adverse selection. Note that the costs are
still very high in the small market and in general the reduction in costs is small.

3. AN ECONOMIC FRAMEWORK FOR ADVERSE SELECTION

3.1. Utility Functions

A weakness of the models just described, shared by the models used by pre-
vious authors, is the lack of any economic rationale for the insurance-buying
decisions. In particular, adverse selection is assumed to cause premium rates

TABLE 6

COSTS OF ADVERSE SELECTION RESULTING FROM HIGH RISK POLYGENOTYPE CARRIERS BUYING MORE

INSURANCE THAN LOW RISK POLYGENOTYPE CARRIERS IN A CRITICAL ILLNESS INSURANCE MARKET

OPEN TO FEMALES BETWEEN AGES 20-60. SEPARATE TESTING FOR POLYGENE AND MAJOR GENES.
MODEST ADVERSE SELECTION.

Genetic Market Insurance Purchasing of Premium Increase in Scenario
Testing Size Low Risk Polygenotypes (a) (b) (c)

% % %

Low Large Normal 0.60275 0.50524 0.16798
Half 1.23472 1.02422 0.33281
Nil 2.39027 1.94512 0.61072

Small Normal 5.59863 5.54929 1.94805
Half 6.51345 6.40019 2.20002
Nil 7.64109 7.40364 2.48350

Medium Large Normal 0.80890 0.68244 0.22773
Half 1.67911 1.39829 0.45385
Nil 3.33224 2.70007 0.83911

Small Normal 6.92804 7.23268 2.61005
Half 8.16462 8.42626 2.95730
Nil 9.77516 9.86818 3.35034

High Large Normal 1.20769 1.03200 0.34723
Half 2.58640 2.16860 0.70242
Nil 5.47923 4.35764 1.32324

Small Normal 8.96365 10.18049 3.86596
Half 10.86549 12.11832 4.41319
Nil 13.74869 14.58806 5.04095
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to change, which ought in turn to affect insurance-buying decisions — the start
of the classic ‘adverse selection spiral’. Without pursuing this sequence of price
and behavioural changes, we cannot be sure that premiums will eventually
reach an equilibrium close to the changes suggested above. The usual approach
to studying market equilibria starts with utility functions. It is hard to intro-
duce these fully in the Markov models just described, but we can, nevertheless,
use them to describe limits on the behaviour of market participants.

The utility function U(w), with U�(w) > 0 and U�(w) < 0, can be interpreted
as an increasing concave relation that describes the relative satisfaction gained
from holding wealth w. Macdonald & Tapadar (2009) parameterised four utility
functions, three from the Iso-Elastic family and one from the Negative Exponen-
tial family. We use the same utility functions and will refer to them as Models 1,
2, 3 and 4, as shown in Table 7. Models 1 and 2 have low risk-aversion.
Models 3 and 4 were parameterised using data from a 1995 Italian thought-
experiment (Eisenhauer & Ventura, 2003), adjusted for the sterling/lira exchange
rate and UK price inflation up to 2006, and have higher risk-aversion.

We assume that a risk-averse individual facing uncertainty will seek to max-
imise his or her expected utility. For example, suppose an individual with total
wealth W faces a loss L with probability q. The actuarial value (or fair value)
of insurance against this random event is qL, but the individual would be pre-
pared to pay premium PL $ qL if:

U (W – P L) > qU (W – L) + (1 – q)U(W ). (4)

The premium per unit of loss P* at which an individual would no longer pur-
chase insurance is found by converting the inequality in Equation (4) to an
equality and solving it.

Now suppose the population is stratified into separate subpopulations,
within each of which the loss probability is different. Suppose that individu-
als are able to discover which stratum they are in, for example, by genetic test-
ing. If the insurer charges everyone the same rate of premium, persons in each
stratum will decide whether or not to insure, using their own level of risk.
If the premium rate is high enough, low-risk individuals will leave the market.
This is the boundary at which adverse selection begins to affect the market.
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TABLE 7

THE FOUR UTILITY FUNCTIONS PARAMETERISED BY MACDONALD & TAPADAR (2009).

Family Utility Function Parameter Model

Iso-Elastic
l = 0.5 1!( ) ( ) / <

( )log
U w w

w
andl l l

l
1 1 0

0

l

=
-

=
* l = 0 2

l = –8 3

Negative Exponential U(w) = – exp(–Aw) A = 9 ≈ 10–5 4
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Macdonald & Tapadar (2009) explored this aspect of adverse selection
using a hypothetical genetic model with two genotypes interacting with two
levels of an environmental factor. We can now extend their study, to the more
realistic setting of BC/OC and a real parameterised model.

3.2. Critical Illness Insurance Premiums

We will use the CI model in Figure 7 to calculate single premiums for stand-
alone CI policies. We do not consider CI policies sold as riders to life insur-
ance (so-called ‘accelerated’ benefits) because of the need to model survival after
onset; this would be useful future work.

In the CI model a unit sum assured is payable on transition from the Healthy
state to any CI state (BC, OC or Other Critical Illness). For simplicity, and con-
sistency with previous studies of insurance and utility (Hoy & Witt, 2007;
Macdonald & Tapadar, 2009), let the force of interest be d = 0. This means
that EPVs are equivalent to the probabilities of the CI event occurring.
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FIGURE 7: A model of the life history of a critical illness insurance policyholder, beginning in the
Healthy state. Transition to the non-Healthy state d at age x is governed by an intensity md(x) depending

on age x or, in the case of BC and OC, mg
d(x) depending on genotype g as well.

2
Breast Cancer

3
Ovarian Cancer

1
Healthy

4
Other Critical Illness

5 
Dead

mg
BC(x)

mg
OC(x)

mOCI(x)

mD(x)

For convenience, introduce genotype BRCA0 to represent non-carriers of
BRCA1/2 mutations. Let (P,M ) denote the genotype of a woman with poly-
genotype P and major genotype BRCAM, and let P(P,M ) represent the CI
single premium per unit benefit she would be charged, for a given entry age and
policy term.

https://doi.org/10.2143/AST.39.2.2044640 Published online by Cambridge University Press

https://doi.org/10.2143/AST.39.2.2044640


3.3. Threshold Premiums

For a given entry age and policy term, let P be the single premium per unit
benefit offered to all women when the insurer has no information regarding
genotype. Thus P is the weighted average premium:

P = , ,P M P Mw P
,P M
! ] ]g g (5)

where w(P, M) is the proportion of the population with genotype (P, M). These
weighted average premiums are given in Table 8. Insurance will be bought by
women with genotype (P, M) if P # P*(P, M) where P*(P, M) is the solution of:

U (W – P*(P, M )L) = P(P, M )U(W – L) + (1 – P (P, M ))U(W ). (6)

We call P*(P, M ) the threshold premium for the onset of adverse selection in
respect of genotype (P, M ). Clearly, adverse selection will appear first when
P > P*(–3,0). Tables 9 and 10 show the values of P*(–3,0) for a selection of
CI policies and a range of losses L when initial wealth W = £100,000. We can
see that as the ratio L/W of loss to wealth increases, the threshold premium
increases, implying greater propensity to insure more serious losses.

388 A.S. MACDONALD AND K.R. MCIVOR

TABLE 8

THE WEIGHTED AVERAGE SINGLE PREMIUM FOR VARIOUS CI POLICIES (SEE EQUATION (5)).

Age Term Rate of Premium PP

20 10 0.00670
20 0.03081
30 0.09549
40 0.20315

30 10 0.02436
20 0.08969
30 0.19840

40 10 0.06782
20 0.18009

50 10 0.12331

From Tables 9 and 10 we can roughly deduce what level of loss ratio L/W will
initiate adverse selection. These ratios are about 0.85 for Model 1 and 0.55 for
Model 2. However for Models 3 and 4, P < P*(–3,0) for almost all levels of
loss L we have tabulated. By replacing P*(P, M) with P in Equation (6) and
solving for L with genotype (–3,0), we can find the levels of loss that would
initiate adverse selection. These are given in Table 11. We can see that adverse
selection could occur under Models 3 and 4, but only for very low levels of
insured loss relative to wealth (for which CI insurance is certainly unnecessary).
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3.4. Parameterisation of the Polygenic Model

The heterogeneity of risk introduced by the polygene, therefore the potential
for adverse selection, is directly related to the standard deviation of the expo-
nent cP in Equation (1). Denote this standard deviation sR, which Antoniou
et al. (2002) estimated to be 1.291. Here we ask, what would be the effect of
a larger or smaller sR?

For larger sR, persons with the (–3,0) genotype have lower relative risk and
hence value insurance less, so we expect adverse selection to appear more read-
ily. On the other hand, if sR = 0 there would be no adverse selection on account
of the polygene, so as sR " 0 there may sometimes be a non-zero value of sR

at which adverse selection disappears. The major genes still play a role of
course, but here they constitute a fixed background.

We will call the levels of sR at which adverse selection appears or disappears
threshold standard deviations and denote them s*

R. They will depend on the
entry age, policy term, utility model, wealth W and loss L. Table 12 shows
values of s*

R. Boldface indicates values that are less than the actual estimate
sR = 1.291, meaning that we should expect adverse selection to appear, given
the model of Antoniou et al. (2002). In agreement with Section 3.3, higher
loss ratios L/W mean individuals with genotype (–3,0) would be less motivated
to insure, so s*

R increases with L.
The missing figures in Table 12 are cases where the propensity to insure is

sufficiently strong, that persons with genotype (–3,0) will insure unless their rel-
ative risk is very small, hence s*

R is very large. In fact we could not compute
them because of numerical overflow, which is why they are missing, but for all
practical purposes these are cases where adverse selection will never appear. This

THE BREAST CANCER POLYGENE 391

TABLE 11

MINIMUM LOSS AT WHICH ADVERSE SELECTION OCCURS WITH WEALTH W = £100,000.

Model
Age Term

1 2 3 4
£ £ £ £

20 10 45,600 25,100 3,100 3,100
20 84,300 53,800 7,500 7,700
30 100,000 61,600 9,100 9,400
40 84,800 55,500 8,000 8,300

30 10 100,000 60,600 8,800 9,000
20 100,000 63,800 9,500 9,900
30 85,600 56,200 8,200 8,500

40 10 100,000 65,200 9,800 10,200
20 85,300 55,800 8,100 8,300

50 10 80,300 50,600 7,000 7,200
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TABLE 12

THRESHOLD STANDARD DEVIATIONS s*R AT WHICH ADVERSE SELECTION APPEARS, FOR WEALTH W = £100,000.
FIGURES IN BOLD INDICATE VALUES OF s*R LOWER THAN THE ESTIMATE sR OF ANTONIOU ET AL. (2002).

MISSING VALUES INDICATE VALUES OF s*R TOO LARGE TO COMPUTE, IN PRACTICAL TERMS MEANING THAT

ADVERSE SELECTION WILL NEVER APPEAR.

Loss to Wealth Ratio L /W
Model Age Term

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1 20 10 0.193 0.485 0.844 1.152 1.393 1.592 1.770 1.942 2.130
20 0.050 0.131 0.232 0.363 0.530 0.733 0.957 1.189 1.441
30 0.039 0.101 0.175 0.268 0.387 0.542 0.738 0.974 1.253
40 0.048 0.119 0.207 0.319 0.467 0.658 0.889 1.151 1.467

30 10 0.038 0.103 0.183 0.284 0.412 0.576 0.778 1.008 1.270
20 0.036 0.094 0.163 0.249 0.359 0.501 0.686 0.914 1.192
30 0.047 0.116 0.201 0.311 0.455 0.640 0.868 1.127 1.441

40 10 0.036 0.092 0.159 0.242 0.347 0.483 0.659 0.880 1.153
20 0.049 0.119 0.207 0.319 0.466 0.655 0.883 1.140 1.445

50 10 0.060 0.146 0.256 0.399 0.583 0.803 1.040 1.286 1.565
2 20 10 0.462 1.073 1.465 1.734 1.949 2.138 2.320 2.515 2.761

20 0.125 0.322 0.594 0.907 1.194 1.447 1.685 1.934 2.259
30 0.096 0.238 0.432 0.685 0.970 1.248 1.523 1.832 2.295
40 0.113 0.280 0.516 0.815 1.126 1.432 1.767 2.210 3.136

30 10 0.098 0.253 0.463 0.732 1.014 1.277 1.524 1.777 2.089
20 0.089 0.222 0.400 0.636 0.911 1.188 1.463 1.766 2.209
30 0.110 0.273 0.502 0.795 1.104 1.408 1.738 2.171 3.044

40 10 0.087 0.216 0.387 0.613 0.881 1.153 1.421 1.708 2.101
20 0.113 0.281 0.516 0.813 1.120 1.418 1.736 2.149 2.915

50 10 0.139 0.351 0.647 0.976 1.276 1.551 1.837 2.196 2.767
3 20 10 2.263 2.930 3.705 4.867

20 1.605 2.475 3.532
30 1.412 2.536 4.606
40 1.587 3.377

30 10 1.444 2.292 3.245
20 1.355 2.449 4.421
30 1.563 3.301

40 10 1.322 2.337 3.979
20 1.574 3.204

50 10 1.708 3.039
4 20 10 2.234 2.840 3.381 4.155 4.915 7.458

20 1.566 2.346 3.127 4.244
30 1.366 2.345 3.673
40 1.529 2.920

30 10 1.404 2.177 2.878 3.699
20 1.309 2.266 3.452
30 1.506 2.855 4.733

40 10 1.277 2.175 3.109 4.810
20 1.519 2.792 4.637

50 10 1.659 2.768 4.548
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observation has an exact analogue in Macdonald & Tapadar (2009). Note that
most missing values appear under utility Models 3 and 4, which were the two
models parameterised from real economic data; Models 1 and 2, in contrast,
were chosen simply to illustrate a lower level of risk-aversion.

3.5. Adverse Selection by Multiple Subpopulations

Previously we considered the case where adverse selection is triggered when the
lowest-risk subpopulation refuses to purchase insurance. However, given a pop-
ulation with such a broad range of risks, it may also be of interest to consider
the prospect that more than one low-risk subpopulation will no longer purchase
insurance. (In fact, our discrete subpopulations defined by a polygene with three
bi-allelic loci, meaning that there are two variants for each of the three genes, is
itself the result of discretising an underlying Normal distribution for the poly-
genic risk in Equation (1)). Here we suppose that adverse selection extends
to both the (–3,0) and (–2,0) genotypes. Adverse selection first occurs within
the (–3,0) genotype who, as a result, are removed from the risk pool. Our
attention is then directed on the point where persons with the (–2,0) genotype
stop purchasing insurance, given a new actuarially fair premium rate P2 > P
which no longer includes the (–3,0) genotype.

The threshold premium is P*(–2,0), and values of this are given in Tables 13
and 14. Table 15 shows the threshold standard deviations, as in Section 3.4.
These latter values are higher than the values in Table 12, since the polygenic
risk must be greater to trigger adverse selection within a second subpopulation.

3.6. The Polygenotype as a Continuous Random Variable

We mentioned in Section 3.5 that the Binomial model of the polygenotype
is in fact a discretised version of a model in which the numerical value of the
polygenotype has a continuous distribution, usually assumed to be Normal
(Strachan & Read, 2004). One reason to discretise the polygenotype is in
order to model the transmission of the polygenotype from parents to children,
because the basis of inheritance is the transmission of discrete genes (Lange,
1997).

Since P is the sum of six independent random variables, each taking values
–1/2 and +1/2 with equal probability, we see it has mean 0 and variance 3/2.
If we revert to the continuous Normal model of P, we equate moments and
assume that P + N (0,3 /2). Denote its density fP( p), let the (discrete) distribu-
tion of the major genotype M be fM(m), and let the (mixed) distribution of the
combined genotype be f(P,M)(p,m) = fP( p) fM (m). Then the insurer’s fair value
premium, denoted Pc is:

Pc = ,p mP
m 3

3

-
#! ^ h f(P,M )( p,m)dp. (7)
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TABLE 15

THRESHOLD STANDARD DEVIATIONS s*R AT WHICH ADVERSE SELECTION APPEARS FOR THE (–2,0) GENOTYPE,
FOR WEALTH W = £100,000. FIGURES IN BOLD INDICATE VALUES OF s*R LOWER THAN THE ESTIMATE sR OF

ANTONIOU ET AL. (2002). MISSING VALUES INDICATE VALUES OF s*R TOO LARGE TO COMPUTE, IN PRACTICAL

TERMS MEANING THAT ADVERSE SELECTION WILL NEVER APPEAR.

Loss to Wealth Ratio
Model Age Term

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1 20 10 0.266 0.592 0.914 1.184 1.405 1.595 1.768 1.938 2.124
20 0.072 0.184 0.315 0.467 0.639 0.824 1.019 1.225 1.457
30 0.057 0.143 0.243 0.360 0.497 0.655 0.835 1.041 1.290
40 0.069 0.168 0.284 0.421 0.581 0.764 0.968 1.199 1.489

30 10 0.054 0.146 0.253 0.378 0.522 0.685 0.866 1.067 1.300
20 0.052 0.134 0.228 0.338 0.466 0.616 0.789 0.990 1.236
30 0.068 0.164 0.277 0.411 0.568 0.747 0.949 1.178 1.465

40 10 0.052 0.131 0.222 0.328 0.452 0.597 0.765 0.961 1.200
20 0.070 0.168 0.284 0.420 0.579 0.760 0.962 1.188 1.468

50 10 0.086 0.205 0.344 0.507 0.690 0.888 1.094 1.315 1.576
2 20 10 0.568 1.113 1.473 1.733 1.944 2.132 2.313 2.507 2.752

20 0.176 0.422 0.700 0.976 1.229 1.463 1.689 1.932 2.251
30 0.136 0.323 0.544 0.788 1.037 1.285 1.539 1.835 2.285
40 0.159 0.375 0.629 0.902 1.176 1.455 1.772 2.199 3.086

30 10 0.139 0.340 0.575 0.826 1.072 1.307 1.537 1.780 2.086
20 0.127 0.303 0.511 0.744 0.987 1.232 1.484 1.772 2.201
30 0.156 0.367 0.616 0.885 1.157 1.433 1.745 2.162 2.997

40 10 0.125 0.295 0.497 0.723 0.961 1.200 1.444 1.716 2.097
20 0.160 0.375 0.629 0.900 1.170 1.441 1.743 2.140 2.876

50 10 0.195 0.455 0.749 1.038 1.306 1.563 1.837 2.186 2.745
3 20 10 2.256 2.921 3.687 4.845

20 1.612 2.465 3.509
30 1.435 2.521 4.551
40 1.600 3.324

30 10 1.461 2.285 3.227
20 1.383 2.436 4.366
30 1.578 3.248

40 10 1.352 2.328 3.917
20 1.587 3.153

50 10 1.712 3.006
4 20 10 2.227 2.831 3.368 4.137 4.892 7.375

20 1.575 2.337 3.109 4.178
30 1.392 2.334 3.615
40 1.545 2.878

30 10 1.424 2.171 2.863 3.673
20 1.340 2.257 3.400
30 1.524 2.816 4.658

40 10 1.312 2.168 3.082 4.756
20 1.535 2.759 4.571

50 10 1.665 2.746 4.493
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However, as in the discrete polygenotype model, we assume that the insurer
adjusts the premium to reflect the composition of the risk pool. If everyone with
genotype ( p,0) with p < p* has declined to insure and has left the risk pool, the
actuarial premium for those who remain is:

Pc( p*) =
,

, , , , , ,
.

p dp

p p dp p p dp p p dpP P P

1 0

0 0 1 1 2 2

,
*

, , ,*

P M
p

P M P M P Mp

-

+ +

3

3

3

3

33

-

--

f

f f f

#

###

] ^

^ ] ^ ^ ] ^ ^ ] ^

g h

h g h h g h h g h

where the notation makes explicit the dependence of the actuarial premium
on p*. Following the same general idea as before, we find the threshold values
of the polygenotype p*, such that those with genotypes ( p,0) (for p < p*) do
not insure at premium Pc( p*), and everyone else does. These thresholds are
given in Table 16 for utility Model 1 and in Table 17 for utility Model 2. They
are markedly higher than those found previously. Indeed there are instances
where nearly the entire BRCA0 subpopulation would decline to buy insurance.
This could easily ‘spill over’ into the BRCA1 and BRCA2 subpopulations,
although for the purposes of demonstration we have assumed it does not. Such
behaviour would be disastrous for CI business.

However, we find that adverse selection does not usually occur under utility
Models 3 and 4. It is so infrequent that instead of showing tables we list the
exceptions here (all of which occur when L/W = 0.1).

(a) In Model 3 a policy with entry age 40 and term 10 years has p* = –3.74
representing 0.1% of the population.

(b) In Model 4 a policy with entry age 30 and term 20 years has p* = –2.86
representing 1% of the population, and a policy with entry age 40 and
term 10 years has p* = 2.74 representing 98.5% of the population.

4. CONCLUSIONS

4.1. Background

It is clear that a major development of genetics in future will concern the inter-
actions of multiple genes contributing to common disorders. One of the very few
epidemiological studies so far to estimate onset rates associated with a complex
disorder is that of Antoniou et al. (2002). They modelled a polygene influencing
BC risk, in addition to the known BRCA1/2 major genes. Risky polygenes are
common enough that adverse selection becomes an option for a larger pro-
portion of the population. Furthermore, the relative risks attributed to the poly-
gene range from 0.04 to 23.62, many times more extreme than the assumptions
in Macdonald, Pritchard & Tapadar (2006) for example. Our aim has been to
apply this model to the study of adverse selection in a CI insurance market, both
along the lines of previous studies and from more of an economic viewpoint.

(8)
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4.2. Multi-State Market Models

The most striking conclusion is the magnitude of the possible adverse selection
costs associated with the polygene. In the worst case (Scenario (a) small insurance
market, high level of genetic testing) the necessary premium increase approaches
17%. We must bear in mind that this cost arises solely from the contribution
of BC/OC, and that there are several other genetic disorders which must have a
polygenic component when major genes have been allowed for. This contrasts
with the findings of most studies of major genes alone, where the rarity of muta-
tions keeps adverse selection costs very small.

The inflated costs in the small market are perhaps a cause for concern.
Should polygene testing become available, youthful insurance markets may be
exposed to high costs from a moratorium on genetic testing (even at modest
levels of testing).

The contrast between Tables 4 and 6 is perhaps the most revealing. In Table 4
we assumed all genetic tests to follow the development of a relevant family his-
tory. The premium increases, even under severe adverse selection, were of the
order of 0.001%. In Table 6 we assumed that testing for polygenes was freed
from this regime. Even under more moderate adverse selection, the premium
increases were of the order of 1%, a thousand-fold increase.

Nevertheless, these are worst case outcomes. They assume the existence of
accurate, freely available genetic tests, no treatments to modify the known risks,
active and well-informed market participants (who can all afford insurance) and
so on. And, women may not be all that likely to curtail their cover because of
a beneficial test result, because they would lose cover against all other illnesses
as well as BC. Reality is likely to fall well short of the worst outcome even if
conditions would let it exist.

4.3. An Economic Framework for Adverse Selection

Introducing the utility framework, with informed purchasers versus risk-
pooling insurers, characterises adverse selection in another way, by mapping
out when it ought or ought not to appear. This approach too has many assump-
tions and simplifications, including single premiums, perfectly rational agents,
universal knowledge (on the part of individuals) of genotype, fixed insurance
coverage and a known utility function. We suspect, nevertheless, that blurring
all these in more realistic ways is liable to reduce rather than to increase adverse
selection.

Our chief observation is the strong dependence on the utility function
assumed. It is comforting that those that were parameterised using empirical
data (Models 3 and 4) showed adverse selection to be very limited. In most
cases, it would not appear at all under the assumed conditions. However, those
utilities chosen just to illustrate lower risk aversion (Models 1 and 2) led to
adverse selection in most cases, including sometimes for polygenic risks less
extreme than those of the empirical BC model.
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Unlike the multi-state market model, the economic model does not let us
estimate what the costs of adverse selection would be. However, under what
might be the most realistic assumptions, of Section 3.6, we could estimate the
proportion of the population who would leave the CI market under equilibrium.
Under Models 1 and 2 this proportion was generally very high, in many cases
the market effectively disappearing. Under Models 3 and 4 this proportion
was nearly always zero, adverse selection being absent. Clearly, relatively modest
shifts in preferences as expressed by utilities can move the market from one
extreme to the other.
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