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Introduction

Diseases which show familial disease. However, unless the marker itself
concentration but do not show simplas clearly of etiologic significance, the
Mendelian patterns are difficult to describénterpretation of the association in genetic
unambiguously in genetic terms (Kidd &terms will not be clear. With HLA
CavalliSforza (1), Kidd & Spence (2)). Inassociated diseases both of thbowe
fact, familal concentration is not evencomplications exist; diseases being studied
proof that genetic factors are relevant tasually do not show simple Mendelian
the disease. On the other hand, providgmhtterns and there are, at present, no
that one is willing to consider populationknown pathological alleles at the HLA loci
stratification to be a genetic (albeit(with the single exception of the C2 and
population genetic/social) phenomenon, &4 amorph mutants (3, 4) that can explain
population study aaprovide evidence for the g$gnificant, but not complete,
a genetic component. A significantassociation of the illness with particular
association of any disease with a goodllele and/or haplotypes. Since HLA
genetic marker, such as an HLA antigen, imarkers (antigens) are co dominant traits
per se evidence that a genetic elemenwith full penetrance for their serological
exists in the etiopathogenesisof that expression, several reasons for the
L _ incomplete association diie disease with
) Department of Human Genes, Yale iy gntigen can be given. One explanation
University — School  of  Medicine, i jinkage to (or hitchhiking within) the
Connecticut, U.S.A. HLA region of a gene directly responsible
%) Basel Institute for Immunology, Basel, gion 9 ctly PO
Switzerland. for the disease (that is, an Olliness
% Istituto di Genetica Medica, Torino, Italy. SusceptibilityO allele, hereafter abbreviated
4) Centro di Reumat0|ogia’ Ospeda|e Sto [S) At the moment the bES:andldateS
Giovanni Battista, Torino, Italy. may be the hypothesized Ir (immune
®) Rheumatology Deartment, University response) genes, but other possible
Clinics of Basel, Basel, Switzerland.
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polymorphisms, such as hormonenteresting features of human genetics, for

receptors, should also be considered (5). &ample, possible modes of gene action

second explanation is epistasis, as in tlend the difficlt distinction between

typical case of antigen Lewis b (6).biological and cultural inheritance. Thus,

Ragweed pollen Ergy is possibly due to when applied to human diseases,

epistasis between the ability to recognize feritability is often a misnomer. Therefore,

pollen determinant, due to an HLA linkedthe authors will not use it. A more detailed

Ir gene, and the high level phenotype fodiscussion of the inappropriateness of

IgE (7-10), althoughconflicting evidence heritability in human geneticis given in

exists (11 12). Another explanation, notMatthysse & Kidd (13).

necessarily in cdmast with the others, is Family data on diseases are rarely not

Oincomplete penetranceO (lack of thesufficient to be informative; population

phenotype expression expected for a giveassociation data of a disease and a marker

genotype) of the HLA antigen allele inlocus are often not readily interpretable in

regard to illness susceptibility (if directlygenetic terms. The authors wish to show

responsible) or of the linked allele. that famly data on both a disease and an
Because the diseases tthare being associated (HLA) marker can be used to

considered are already known to show ngain a clearer understanding of the genetics

simple Mendelian pattern, incomplete

penetrance in some form is a likely and

almost necessary component in any genetic TABLE |

explanation.  Such mcpmplete entrance Criteria followed in Basel and Torino for

may be caused by a variety of factors, both  y;40n0sis of Ankylosing Spondylitis'

geretic and environmental. On the genetic Subjectiveand functional

side, besides the simplest case mentioned (3 jimitation of motion of lumbar spirfe

above of epistatic interaction with a single (b) history of persistent pain

major locus, polygenic inheritance, with (c) chest expansion < 3 cm (measurec
only one of the many loci linked to the fourth intercostal space)

HLA system, is another purely genetic X-ray grading (each side graded separate|
situation. Environmental explanations 0: normal

would include, for instance, a triggering 1: doubtful changes

o minimal definite bange
3: moderate or advanced sacroiliitis wi
erosion, evidence of sclerosis, wider

infectious disease and also some Ofamilial
factors, such as cohabitation with relatives

sharlng not only fa. similar geno?ype but narrowing or partial ankylosis
also similar conditions of housing and 4: total ankylosing

habits of living. Definite AS: grade 3! X ray, bilateral, plus
Existence of environmental variation at least one clinical sign; grade43

dilutes out the degree to which genetic unilateral or grade 2 bilatarplus a+c or

factors determine the variation in the b+c

population for presence or absence of aProbable AS: grade-8 bilateral in absence

trait or illness. The relative amount of of any clinical sign

genetic variation is frequently expressed as 1o maximizepenetrance: all individuals !2C

heritability (ff), the ratio of the genetic years of age were excluded .

variance in the population to the total To maximize .homogenelty: all cases with

variance for the trait. The authors Ifeleat complications were excluded

T . 1) As recommended by Goftenal (18)
heritability ignores some typical and most 2) As recommended by Macrae & Wright (
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of the disease. Ankylosing spondylitisB27Apositive individuals who had not
(AS) is a paradigmatic model because Agported subjective symptoms nor had
is the disease that shows the highebeen in any way aware of being affected
relative risk with arHLA antigen (14, 15). by AS; and (b) a selected sample of B27
Family data have been collected in Torinmegative individuals, mostly chosen for
(TO) (16) and Basel (BS) (17) on 53 indexoeing B7 positive because of the well
or primary cases who had at least one firkhown crossreactivity between these two B
degree relative that could be examined amtigens. All data in the two studies (BS
completely as the proband, according toand TO) were collected without
rigid application of he criteria in Table 1 communication between he
(18, 19). Two groups of normal controlsrheumatologists, the HLA typists, and the
were also examined with the sametatisticians until the work had been
diagnostic criteria: (a) a selected sample @ompleted.

Results and Discussion

The diagnostic criteria listed in Table Isignificant, as reported in all previous
were followed in both the Basel andstudies (see 14, 15). From the data on first
Torino studies. Table 11 presents the datkegree relatives, presented in Table 111,
for the primary cases (probands) andhe familiality of ankylosing spondylitis is
population controls. A preponderance obbvious. The two control populations
males among ankylosing spondylitisncluded in Table Il werexamined using
patients is found, as has been reported the same diagnostic criteria. These data
other studies. The preponderance of malesnfirm the low incidence of AS in a non

in the normal control populations reflectd827 population and the high frequency of
the male preponderance amogmmployees affected individuals (7 out of 43 = 16 %)
of Hoffman LaRoche in Basel and in theamong the OnormalO B27 positive controls,
blood donor panel in Torino. Theseusing a more rigorous diagnostic
controls give the B27Aantigen frequency iexamination than in the report by Calin &
the population. Through some differencé&ries (20). Only one of the affected first
exists between Basel and Torino, theegree relatives, a mother, did not have
increased frequency of B27 among A®27; however, in that family the proband's
patients is spmacular and highly Is B27 haplotype came from the father,

TABLE Il
Number studied, sex, and B27 phenotype frequency in patients (primary cases) and controls
studied in Basel (BS) and Torino (TO)

Number Sex B27
studied M F Class Area frequency
58 48 10 AS patients BS 0.93
623 45¢ 164 Normal control$ BS 0.100
21 20 1 AS patients TO 0.90
1428 98C 448 Normal control$ TO 0.043

) randan employees of Hoffman La Roche
%) random bbod donors
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TABLE II |
Familiality of Ankylosing Spondylitis

Primary case FirstDegree Normal Affected
Relatives
Area No. Type Type No. B27+ B27D B27+ B27D
BS 7 Parent Child 13 4 7 2 0
BS 15 Sib Sib 32 13 13 6 0
BS 18 Child Parent 27 10 _9 _8 _0
BS All 72 27 29 16 0
TO 3 Parent Child 5 4 1 0 0
TO 11 Sib Sib 15 6 4 5 0
TO 9 Child Parent 16 _6 7 2 1
TO All 36 16 12 7 1
BS + TO combined All 108 43 41 23 1
BS 147 Non-B27 controls - 146 b 1
BS 43  ONormalO B27 controls 36 - 7 o)

who was also AS affected. Also worth Tables IV and V show that the
noting isthat one affected individual (B7+) preponderanceof affected males among
was found among the non B27 controlgorobands neither occurs among the
Thus, to the best diagnostic criteridOnormal® B27 + controls nor among the
accepted today, ankylosing spondylitis cafirst degree relatives; Calin & Fries (20)
occur, albeit rarely, in the absence of thalso found essentially equal frequencies of

antigen B27. affected males and femalés their study.
TABLE | V
Frequency of Females (ff) in Ankylosing Spondylitis
Class of Number
Area Data Total Males Females ff
BS Primary cases 58 48 10 0.17
BS Secondary cases 72 8/33! 8/39* 0.462
BS ONormalO B27+ 43 5/341 2/9t 0.602
TO Primary cases 21 20 1 0.05
TO Secondary cases 36 4/19* 4/17* 0.532

! Ratio of mmber affected by AS to total number studied
2 f corrected for a 1:1 sex ratio in sample

TABLE V

Frequency of Affected Relatives according to Sex'
Primary Cases

Males Females

(n=233) (n=238)
All First-degree  Males 9/41=0.22t 0.06 3/11=0.Z7 £0.13
relatives Females 11/42 =0.26:t 0.07 1/14 =0.07+ 0.07

! Values given as number affected/total = mean + standard error
x*(3d.f)=2.3@ =0.50
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The family data also show th&S is as spondylitis, but to a hypothetical
frequent, within the statistical limits of theunderlying continuous and normally
small sample, among the relatives oflistributed variable called Oliability to
female probands as of male probandsjseagO. The general incidence of the
suggesting that there is no Ohereditarjiidess and the frequency of affected first
component to any hypothesized seregree relatives are the necessary data for
limitation or greater male susceptibility.estimating the correlation. The generally
An obvious conclusion is that the maleaccepted population prevalence for AS is
preponderance among AS patients is notabout 0.5 % for males and considerably
reflection of a truly greater incidenceless for femkes. The average incidence
among males. Possible explanations famong first degree relatives is 0.22 + 0.04.
this could be greater severity in males, @ahese values give an estimate of the
greater tendency for the diagnosis to bietrachoric correlation (1) of about 0.65, a
made in males, and greater tendency for nonsensical result according to the MF
males to seek treatment. Whatever thmodel, for which the theoretical maximum
explanation, the OfactO that males are m@e0.50, i.e. h2 == 1D %. However, the
frequently affected with AS than females igeneral incidence estimate is based on the
probably not true in an absolute sense. frequency of patients seeking treatment
and not upon a complete diagnostic survey
_ of the population using both functional
Genetic Analyses tests and X rays. In fact, primary and
Analyses of family data normally involvesecondary cases are usually asteed
testing the goodness of fit of differentaccording to widely different criteria. The
genetic hypotheses (models) to thauthors' finding that 16 % of a sample of
observed data. The two models mod827+ individuals were affected suggests
commonly used in human genetics are tHgat the population prevalence may be
simple extremes of single major locusibout 1.5 % for both males and females.
(SML) and multifactorial polygenic (MF) Using this value for the incidence in the
inheritance (see Matthysse & Kidt2) for popuation and 0.22 for the frequency of
a review of these two models). One majoaffected first degree relatives, the
problem with these models is that they areorrelation coefficient is lower but still
statistically indistinguishable andabove 0.50 the heritability (h2) is > 100
agreement cannot be tested when famife. Such high correlations are often
incidence data are used without additionditerpreted as suggesting that a locus of
sources of genetic information (1, 21)major effect ismvolved.
Noneheless, both models have beeMethods for using family data to estimate
applied to the AS family data to sedhe parameters of the SML model are
whether the results would be biologicallyextensively discussed elsewhere (1, 2, 13,
reasonable. 21, 22). To save space the model and
The single parameter of the MF modemethods will not be discussed here.
needing estimation is the genetidAnalyses show that no solution is possible
correlation  among  relatives.  Thisfor an ingdence of the disease in the
correlation is often translade into an population of less than 1.0 %. However,
heritability (h2) value; however, thethe closest solution to the data (using the
correlation or heritability does not apply tomethod of Suarez: al. (22)) predicts a
the measured trait, in this case ankylosingopulation incidence for AS of about
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TABLE VI
Genetic Analysis of Ankylosing Spondylitis by the Method of Thomson & Bodmer (23)
Basic Values:
g = frequency oHLA-B27 allele (B27) = 0.048
f(M | Ill) = frequency of the marker (B27) phenotype among ill (AS) patients =
73/79 = 0.924 + 0.030

krec=1" 41" f(M |lll) =0.724
kdom=(1" @" f(M [lll))/@" g)=0.92C
Observed genotype distribution in AS patge(rimary cases only)

B27/B27 B27/- —/—

BS 3 51 4

TO _0 19 2

Total 3 70 6

Expected genotype distributions

Recessive hypothesis  41.5 31.5 6 X% =825
p<<0.0001

Dominant hypothesis 35 69.5 6 X? =0.075
p=0.78

1.6% and frequencies of AS among firsdominant marker. Their method is based
degree relatives of abo@R %, essentially only on the genotype distribution among
the same as the OadjustedO values usedhffected probands and does not utilize
the MF model. This SML OsolutionGamily data. This makes it useful in
predicts a gene frequency of 1.8 % for thpractice since, unfortunately, family data
Is allele and penetrances (that is, risks @fre at present not generally available for
actually contracting the illness) of < 0.001HLA associa¢d diseases. In Table VI data
0.43, and > 0.995 for thédomozygous are organized appropriately and the results
OnormalQis/is), heterozygougis/Is), and of the analysis by the Thomson & Bodmer
homozygous OsusceptibleO (Is/Is) method are presented. The analysis
genotypes, respectively. The predictedtrongly rejects the recessive hypothesis
genotypic composition of the population ofand is in almost exact agreement with the
affected individuals is about 3 %dominant hypothesis. Tis, AS appears to
homozygous OnormalO (i.e. phenocopiebg due to an illness susceptibility allele at a
95 % heteroggous, and 2 % homozygouslocus closely linked to the HLA B locus
OsusceptibleO. Although there is no way and susceptibility seems to be inherited in
test this model statistically using thea dominant fashion. The linkage
available data, the SML results, indisequilibrium estimate, measured in this
combination with the unrealistically highanalysis as k (= 0.928), is aryehigh
correlations of the MF model, stronglyvalue, providing indirect proof that tight
suggest that a single locuspoghesis is the linkage is responsible for the strong
more likely one. This OconclusionO igopulation association.
independent of the association of AS with As explained by Kidd & Ceppellini
B27. (24), it is possible to modify the Thomson
Thomson & Bodmer (23) (largely & Bodmer method to incorporate estimates
reprinted in this volume) have developed af the frequency of the iskase among
method for testing two simple models thaindividuals with the marker and of the
assumes linkage disequilibrium withca OpenetranceO, that is, the frequency of the
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illness among those with the susceptibilitpverestimate fio an unrelated group of
allele. Utilizing whichever model fits the individuals. The accuracy of the estimate
data, it is then possible to estimate all foulepends on the degree of epistasis and, if
haplotype frequencies. Thigh more exact epistasis exists, on the frequencies of the
treatments are possible, the lownteracting alleles.
frequencies of the marker allele (B27) and Another caveat about the family
the illness (AS) allow a simplified estimate of penetrance is that it includes
calculation for the dominant model, agecombnation that separates the marker
outlined in Table VII. The estimates for thefrom the susceptibility allele.
penetrance and the haplotype frequencies Even an exact calculation of the
agree well with the SML solution obtained penetrance from family data would include
without consideration of the HLA corrections for the age of onset distribution
association. (only roughly done in this study by
Some caveats about the penetrandieniting consideration to adult laives)
estimate are very important in evaluatingnd for the probability of ascertainment,
these results. It is impossible to generalizehich is determined by the number of
from this penetrance estimate to familieaffected individuals in a family. In spite of
not asertained through a proband. Thehese potential biasses, not all of which
value of 0.38 is not significantly less tharoperate in the same direction, the
0.5, the approximate value expected ipenetrance estimate is roughly consistent
families if an allele at an independent locuwith the population and control data. From
were also required for development of thevhat is known about AS, it is very unlikely
iliness. Probands, being affected, would b® be as highas 100 %, and the OnormalO
carriers for both alleles; because ofB27+ control data show that it cannot be
independent segregation, only about half dfelow 16 %.
the firstdegree relatives with the Is allele The estimated frequency of the
at the main locus would also have théaplotype m Is is too low (0.002) to
necessary allele at the second. Thus, tleaplain he 4 % of AS patients who lack
family estimate of penetrance will be arthe B27 marker, even if the OpenetranceO

TABLE VII
Summary of a simplified Bayesian probability analysis for Ankylosing Spondylitis

M = marker allele for B27 antigen; frequency of M = 0.048 + 0.01
| =allele for illness susceptibility
A. observed frequency of M among A&tients = 0.92 £ 0.03 = Pr (M|l) = Pr A\8)
B. observed frequency of AS among M + (B27 +) pagan = 0.16 £ 0.06 = Pr (AS|]M
C. observed frequency of AS among M+ (B27+)

first degree relatives of probandpestranceO = 0.38 + 0.06 = Pr (AS]

Therefore, RI|M) = 0.16/0.38= 0.42

and Pr(l) = Pr (I|M) ¥ Pr (M) /Pr (M}I= 0.022

It follows that:

x1 = freq. (MI haplotype) = Pr (I|M) Er (M) = 0.020

X, = freq. (Mi) = Pr(M)bx; = 0.028

xs3 = freq. (ml) = Pr(I)Px; = 0.002

X4 = freq. (mi) = 1Dx; DX, DXz = 0.950

I = X X4 P XoX3 = 0.019
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for that haplotype were 100 %. Samplin@pparent disa@pancy. However, the SML
error in the estimate of the penetrance or solution discussed earlier predicted about 3
the frequency of affected individuals whd phenocopies, a value in close
are B27 negative might have produced thizsgreement.

Conclusions

Though mathematical genetics has many strong linkage disequilibrium with the
limitations when applied to familial traits allele determining HLA B27: nearly all
that are not obviously Mendelian, it (93 %) of the haplotypes with tlieallele
becomesa powerful tool when a marker  also carry the327 allele. The majority (62
locus can also be studied in those families%) of the carriers of tha allele do not

The authors have shown that the oft develop AS. As repeatedly mentionedsthi
mentioned preponderance of affected incomplete penetrance may be due to
males is found neither in families of AS  environmental factors or to epistasis with
patients nor in population surveys and onean allele at an independent locus.

must conclude that thepparent sex Obviously, this is a formal explanation
limitation is mainly due to ascertainment. with a strong heuristic component. Tests
Susceptibility to AS is inherited as an of these conclusions will have to be based

autosomal dominant. The locus seems to on additional fanily studies of B27

be tightly linked to HLA B. According to  negative AS probands, of female AS
this model, the susceptibility allele has a probands and of relatives of different
gene frequency of about 2 %. Alsoigtin  degrees.
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A Bayesian Method for
Estimation of

HLA Associated

lliness Susceptibility (Is)
Allele Frequencies. I.
Dominant Susceptibility

Kenneth K. Kidd ! & Ruggero Ceppellin?

Introduction

Thomson & Bodrer (1) present two types Bodmer (1) consider indirect estimates for
of genetic analysis for disease phenotypékeir recessive mad applied to data on
associated with a genetic marker. Thepairs of affected siblings. Direct estimates
first method utilizes the marker phenotypeare possible when certain types of data are
frequency in a population of unrelatecavailable: (a) the frequency of iliness
affected individuals; the second is derivedmong individuals with the associated
from more general motie by Day & marker, f(lll | M); and (b) the OpenetranceO
Simons (2) and utilizes the frequencies abr frequency of the lihess among those
the number of marker chromosomesvith the susceptibility genotype.
(haplotypes) shared by affected sib pairs. The general importance of these types
Both methods involve tests for specificof data, particularly estimating penetrance
models of inheritance of illnessfrom family data, has been recognized in
susceptibility (1s) recessive or rarghe design of the study of ankylosing
dominant. Gren & Woodrow (3) have spondylitis in Basel and Torino
also produced an analysis utilizing(Ceppellini personal communication).
frequencies of shared chromosomes amotgyitable data are consequently already
affected siblings to test the null hypothesiavailable for ankylosing spondylitis; they
of there being no association betweemay soon be collected for other HLA
marker locus and illness. None of thesassociated illnesses. f(lll | M) can be
papers considers direct estimatef the collected using the same criteria for
haplotype frequencies, though Thomson &diagnosis as in probands and tekes and
should be less subject to bias and

Y Department of Human Genetics, Yale uncertainty than estimates of the frequency
University School of Medicine, of the illness in the general population.
Connecticut, U.S.A. The penetrance can be estimated in many

%) Basel Institute for Inmunology, Basel,

' ways, but the simplest and most common
Switzerland.

is the proportion of affected individuals
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amorg relatives who carry the samecalculate haplotype frequencies. These
marker chromosome (for the dominantypes of data should become available
model) or marker chromosomes (recessiveefore sufficient pairs of affected sibs
model) as the proband. These estimatebave been studied for the other types of
combined with the marker allele frequencyanalysis, especially if the association is
and the frequency of the marker phenotypstrong and illness susceptibility is
among affected individug) can be used to dominant.

Method

A more exact and general treatment of theshow association and used in the initial
dominant and recessive models, utilizing tests of Thomson & Bodmer (their

the additional types of data and OFADOQ). The third quantity in Equation 1,
considering more precise estimates of  Pr(Is|M), can be estimated from
penetrance (involving correction for age of

onset variation and for ascertairmbe pris|M) = DrUlinessIM) - - 5,
biasses) will be presented elsewhere. Only Pr(linesgls)
the simplified dominant model, as can be

qf kvlosi dvlitis. i i.e., from the frequency of illness among
used for ankylosing spondylitis, is _those with the marker, f (Il | Mjivided

presented here. This approximate anaIyS|soy the penetrance. Thus, the frequency of
is possible whenever both the marker allelg), |5 genotype is a function of estimable
and thels allele have a low frequency in values

the ppulation. The general method is For the dominant model with the

based on the Bayesian probability. additional simplifying assumption that the
Pr(Is|M) ¥Pr(M) phenotype frequency is twice the allele
Pr(M|Is) , (1) frequency, for both the marker and Is
alele, Equation | roughly estimates the Is

i.e., that the frequency or probability of theallele frequency by using the marker allele

Is genotype is equal to the frequency of th&equency for Pr(M). The four haplotype

Is genotype among individuals with the  frequencies are then estimated as follows:

marker phenotype multied by the x1= freq. (1 Is haplotype) =

frequency of the marker phenotype, and Pr(I1s|M) ¥ Pr(M)

the product divided by the frequency of the; = freq. (M is haplotype) =

marker among affected individuals. This Pr(M) Bx;

assumes that illness occurs among some x3 = freq. ¢z Is haplotype) =

fraction of those carrying the Is genotype Pr(ls)Bx;

but is otherwise independent of the X4 = freq. n is haplotype) =

presence of the marker. 1Dx; Dx; Dxs
The frequency of the marker, Pr(M), is  This simplified form of the analysis is

estimated from population surveys used by Kiddez al. (4) on data in

independent of studies of disease ankylosing spondylitis. The error, when

association. The frequency of the marker compared with a more exact analysis using

among affected persons, Pr(M | Ill) = thesame data, is not detectable to three

Pr(M|ls) = f(M | lll), is the estimate used todecimal places.

Pr(s) =
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