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Abstract
An open problem of some interest in the study of HLA

has been the possible existence of transmission distor-

tion in the human HLA complex. In this paper, transmis-

sion probabilities are estimated and tested using data on

HLA A, B and DR loci genotypes of parents and offspring

ascertained from the entire population of Finland (Child-

hood Diabetes in Finland Study) through one or more

offspring diagnosed with insulin-dependent diabetes

mellitus (IDDM) during the recruitment period from Sep-

tember 1986 to July 1989. First, we show how to get

unbiased estimates of transmission probabilities from

the family data collected in the disease registry of inci-

dent cases. This is accomplished by assuming that trans-

mission of HLA genes to children in the general popula-

tion is conditionally independent given the parents’ ge-

notypes, and the birth dates of all offspring. Based on the

sampling (ascertainment) process in the study on Child-

hood Diabetes in Finland, younger siblings of the index

child (the oldest proband) are independent of the ascer-

tainment and therefore give rise to unbiased inference

regarding allele transmission. The hypothesis of Mende-

lian transmission of alleles at each locus was tested

using the standard ̄ 2 test. Goodness-of-fit of the Mende-

lian inheritance model to the individual locus data is cal-

culated by maximizing the likelihood function over allele

transmission intensities at each locus. The existence of a

strong transmission distortion is not supported by this

study at the loci considered.
Copyright © 2000 S. Karger AG, Basel

Introduction

Both genetic and environmental risk factors are
thought to contribute to the susceptibility of insulin-
dependent diabetes mellitus (IDDM). A major contribu-
tion to the genetic susceptibility to IDDM is conferred by
the gene(s) at the HLA region in chromosome 6 [1, 2].
Earlier studies have found a strong association between
IDDM and both DR3,DQ2 and DR4,DQ8 haplotypes.
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Several hypotheses about the mode of inheritance have
been put forward, but the true mechanism remains un-
clear. It has been claimed that the inheritance of diabetes-
associated alleles (mainly DR3 and DR4) might be dis-
torted, being higher than 50% from either the mother or
the father or both [3–6], but the results are conflicting [7–
9]. In the context of diabetes research and in the study of
HLA evolution, these observations are of special interest,
as there are several insufficiently understood phenomena
affecting the inheritance of the disease as well as its epide-
miology: the risk of developing diabetes appears to be
higher in the offspring of diabetes fathers than in those of
diabetic mothers [10], which suggests that the inheritance
of susceptibility to IDDM might be influenced by the sex
of the affected parent. Secondly, the incidence of IDDM
is increasing worldwide [11, 12], which has been proposed
to reflect a change in the genetic pool of populations [13].
Thirdly, despite the obviously deleterious effect of the
diabetogenic haplotypes DR3,DQ2 and DR4,DQ8, they
are common in many populations, which is yet to be
explained.

According to Mendel’s first law (law of segregation),
every individual receives one of the two parental alleles
with equal probability. Deviation from this law, called
transmission distortion, has been established in certain
organisms [14]. Specifically, in mice some alleles of the
T/t complex, which is linked to H-2 (the HLA homologue
of mice), cause extreme transmission distortion. Concern-
ing humans, there have recently been several claims of
transmission distortion for loci associated with diseases
caused by trinucleotide repeats [15–17] as well as a seg-
ment of the X chromosome [18].

The evidence concerning transmission distortion in
HLA is conflicting. Most studies in this field have been
conducted using small samples of subjects ascertained
through an HLA-associated disease, like IDDM, which
makes the interpretation of the results difficult and is also
a potential source of bias. To our knowledge, there are
only two studies using random samples from nondiseased
populations [6, 7]; however, the data were collected from
several populations around the world (International His-
tocompatibility Workshop data [19]), and thus transmis-
sion distortion could be found only if it existed simulta-
neously in several populations. Neither of the studies
mentioned above found evidence of significant transmis-
sion distortion.

Results from the studies based on diabetic families are
varying and inconclusive. Vadheim et al. [4] reported a
statistically significant transmission distortion. They
claimed that fathers with a DR4 allele were significantly

more likely to transmit this allele to their offspring than
were mothers with a DR4 allele, and that DR3 is trans-
mitted significantly more than 50% by either parent.
However, they had erroneously included both the affected
and unaffected children in their data analysis, and a re-
analysis using only unaffected siblings showed signifi-
cant transmission distortion merely for DR3 – though
this most likely is overcorrecting. Tuomilehto-Wolf et
al. [5] reported transmission of a high-risk haplotype
(A2,B56,DR4,DQ8) from the mothers to the offspring in
Finnish families with IDDM to be 62%. In this study, the
index children, through whom the families had been
ascertained, were excluded in order to obtain less biased
estimates of the transmission probabilities. Martin-Villa
et al. [8] and Kockum et al. [9], using diabetic families, do
not find any support for the non-Mendelian transmission
of alleles at the DR and DQ loci.

A major complication in interpreting and comparing
the results from studies of diabetic or other HLA-associat-
ed diseases is in the various procedures of data collection.
Failure to take into account how the data were collected
(the ascertainment process) will often lead to biased
results. This was noted e.g. by Falk et al. [20] in a letter to
the editor concerning the results of Vadheim et al. [4].
Concerning the study on Childhood Diabetes in Finland
(DiMe Study), ascertainment bias has been investigated
on the issue of rate ratio estimation by Langholz et al. [un-
publ. data].

This paper has two purposes. First, we show how
unbiased estimates of the transmission probabilities, i.e.
probabilities that a heterozygote parent transmits a par-
ticular allele, can be obtained from data ascertained
through a proband with variable age-at-onset disease.
Then we estimate transmission probabilities of alleles at
HLA A, B or DR loci to offspring, using families with
IDDM and taking into account the ascertainment. The
data (DiMe Study) consist of nuclear families ascertained
through at least 1 child (under the age of 15) diagnosed
with IDDM during the recruitment period.

Subjects and Methods

The DiMe Study is the largest population-based genetic-epidemi-
ological family study of IDDM [21]. Nationwide, all cases under the
age of 15 in Finland were identified during the recruitment period
from September 1986 to April 1989. The data set consists of 801
participating families with at least 1 IDDM child. Affected children
as well as their parents and siblings were HLA genotyped at A, B and
DR loci using conventional serology. HLA genotyping was done on
757 families. Details of the study procedure are described elsewhere
[21]. Only parent-child sets with complete HLA genotypes were eligi-
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Fig. 1. Lexis diagram of the ascertainment of sibship i in the DiMe Study
bi1,.., bi5 birth dates of child in sibship i,
co date of the beginning of the recruitment period,
c1 date of the end of the recruitment period,
c2 end of the follow-up.

Table 1. Number of families and transmissions according to the parental source of allele at
the A, B and DR loci in the DiMe Study, where both parents and younger children than the
index child are HLA genotyped

Locus A

paternal maternal

Locus B

paternal maternal

Locus DR

paternal maternal

217 231 257 261 221 234
Number of transmissions 293 310 332 346 284 303

1 Both parents and at least one younger child than the index child are HLA genotyped.

ble for this study. In the DiMe data there were altogether 718 siblings
in 471 families who were born after the oldest child in a family to be
diagnosed with IDDM during the enrollment period. The numbers of
families, individuals and transmissions eligible for the analysis are
given in table 1.

The estimation and testing of transmission probabilities at a mul-
tiallelic locus can be done, in the case of a random sample, by
applying the methods described by Jin et al. [6]. However, since the
participating nuclear families in the DiMe Study were collected
through an affected offspring, naive use of standard estimation tech-
niques could easily lead to spurious results. Therefore the method of
ascertainment had to be taken into account in the estimation. In the

following, we show how a natural conditional independence assump-
tion can be applied for drawing unbiased inferences on the transmis-
sion probabilities.

Let i = 1, ..., I index the families and j = 1, ..., Ji, the children in the
ith family born during the calendar time interval (c0–w,c1), where c0
is the beginning and c1 is the end of the recruitment period. A Lexis
diagram (fig. 1) is used to illustrate the ascertainment of a hypotheti-
cal family with 5 children. Children born at dates b2 and b3 are pro-
bands, and the former is the index child whose diagnosis led to the
ascertainment of the family. Let bij be the date of birth of the jth child
in family i and let the children be arranged in their birth order: bi1 !

bi2 ! ... ! biJi. In order for a child to be ascertained into the study set,
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his/her age at the time of the diagnosis must be less than w = 15 years.
Let Tij be the calendar time of diagnosis of IDDM of the jth child in
family i. We follow the convention that if there is no such diagnosis
Tij = ∞. Let Yij = min(Tij, c1), and let ‰ij = 1 if c0 ^ Yij ! c1, c0 – w ̂  bij

^ c1 and Yij – bij ! w. Here Yij is the onset time of IDDM of child j in
family i if ‰ij = 1 (in which case this child is a proband).

Consider a particular HLA locus of interest, and let gij = (gijm,gijf)
be the observed HLA genotype of the jth child in the ith family,
where gijp is the allele inherited from parent p (where m indicates
mother and f father). Let G i

p = {G i
p1, G i

p2} be the observed genotype at
that locus of parent p of the ith sibship, where superscripts 1 and 2
indicate the two alleles, because grandparental origin is not known.
The data we consider can be represented by {Yij, ‰ij, {gijp, G i

p1, Gi
p2; p =

m,f }, bij; i = 1, ..., I, j = 1, ..., Ji}.
Using index r for the alleles of a locus (the total number of differ-

ent alleles being A), a random variable Zijp is created, which gets val-
ue r, r = 1, ..., A, if child j in family i got allele r from parent p, writing
then Zij = (Zijm, Zijf). Let Ki be the index (in birth order) of the index
child, that is

Ki = min(j : Yij D[c0,c1], bij D[c0 – w,c1], Yij – bij ! w).

the following assumptions: (1) the values of {bij; j = 1, ..., Ji}, Gi
m,G i

f

are known (observed); (2) for each sibship i in the general population,
the variables {Zij, Yij, ‰ij; j = 1, ..., Ji} are conditionally mutually inde-
pendent given {bij; j = 1, ..., Ji} and G i

m, G i
f; (3) sibships are ascertained

independently.
Assumption (2) implies that the conditional independence {Zij,

Yij, ‰ij; j ^ k}g5{Zij, Yij, ‰ij; j 1 k} A {bij; j = 1, ..., Ji}, Gi
m, Gi

f holds for all
k 61. In particular, since the truth of the ascertainment event {Ki = k}
can always be decided from {Zij, Yij, ‰ij; j ^ k} it will also be true that
{Zij, Yij, ‰ij; j ̂  Ki} g5{Zij, Yij, ‰ij; j 1 Ki} A {bij; j = 1, ..., Ji}, Gi

m, Gi
f. But this

shows that, given {bij; j = 1, ..., Ji} and Gi
m, G i

f, the genotypes Zij of all
siblings younger than the index child Ki are always sampled indepen-
dently of the events that led to the ascertainment of the family.

Thus, there are three possible subsets of children in each sibship:
(1) children who were older than 15 at the beginning of the recruit-
ment period (obviously, the same conditional independence applies
to all older siblings, in case there were any), (2) children who were
eligible to become a proband and older than the index child, or the
index child himself/herself, and (3) children younger than the index
child. Genotypes, i.e. the transmission of alleles from parents to off-
spring, are independent of the ascertainment in sets 1 and 3, but not
in set 2 through which the ascertainment of the family has taken
place. Children in set 2 who were not diagnosed with IDDM during
the recruitment period are less likely to have inherited diabetic genes
than a random child of the same parents. Excluding set 2 from analy-
sis allows one to make unbiased inference without need to model the
probability of the ascertainment event.

We use the notation introduced by Jin et al. [6]. Considering
alleles r and s,

nrs = 
I

™
i = 1

™
p = m,f

Ji

™
j = Ki + 1

1 
{Zijp = r,G i

p = {r,s}}

denotes the number of r alleles inherited from parental genotype {r,s},
where the first character in the subscript indicates the transmitted
allele and the second the nontransmitted. Obviously, wrs = nrs + nsr is
the total number of transmissions seen from parental genotype {r,s} in
the data. The shorthand notation Ùrs = P(Zijp = r AG i

p = {r,s}) is used for
transmission probabilities, noting that Ùrr = P(Zijp = r AGi

p = {r,r}) = 1.

These probabilities obviously satisfy Ùrs + Ùsr = 1, C r 7 s. Our statisti-
cal inference is now based on the likelihood function

L({nrs; r ! s} A {wrs; r ! s}, {Ùrs, r 7 s}) = ¶
r,s

Swrs

nrs
D Ùrs

nrsÙsr
nsr,

where the product is over all pairs of r and s such that r ! s and wrs 10.
Following Jin et al. [6], we then assume that the transmission proba-
bilities Ùrs can be written as ·r/(·r + ·s), where ·s 1 0, r = 1, ..., A.
Parameters ·r and ·s can be interpreted as transmission intensities of
alleles r and s that are competing with each other in meioses. For the
purpose of identifiability, we constrain their values by the require-

ment 
A

™
r = 1

·r = A.

An overall test statistic (global test) for Mendelian transmission
(H0: Ùrs = 0.5, C r,s r 7 s) is based on the sum of squared standardized
normally distributed random variables

™
r,s
Fnrs – 0.5wrs

√0.25wrs
G2

,

where the sum is over all possible pairs of r and s such that r ! s.
Under the null hypothesis, this is approximately ¯2-distributed with
A(A – 1)/2 – A0 degrees of freedom. Here A0 is the number of total
pairs for which wrs = 0.

To assess the possible contribution of multiple alleles to transmis-
sion distortion at a particular locus, genotype-specific transmission
probabilities are written as functions of allele-specific transmission
intensities. First, we estimated the single allele transmission proba-
bilities and their variances [6] (formulas 11 and 12). These probabili-
ties were tested, with test statistic Z = (·̂r – 1)/√V(·̂r), (V(·̂r) being the
variance of the transmission intensity) which, under the null hypoth-
esis, follows the standard normal distribution. Next, we calculated a
goodness-of-fit for this model using the statistic

™
r,s

(nrs – Ù̂rswrs)2

Ù̂rswrs
,

where Ù̂rs is calculated from the transformation Ùrs = ·r/(·r + ·s), after
having maximized the likelihood function above with respect to the
transmission intensity vector · = (·1, ..., ·A).

Results

A Locus
According to the global test, there was some evidence

of transmission distortion in both maternal (¯2 = 40.12,
26 d.f., p = 0.04) and paternal alleles transmitted (¯2 =
37.39, 24 d.f., p = 0.04). Estimated transmission probabil-
ities with 95% confidence intervals are shown in figure 2
for fathers and in figure 3 for mothers. Paternal A26 (Z =
–3.65, p ! 0.01) and maternal A32 alleles (Z = –2.73, p !
0.01) were transmitted less often than expected under
the hypothesis of Mendelian transmission probabilities.
There is also some indication that segregation of alleles of
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Fig. 2. Single allele transmission probabili-
ties and 95% confidence intervals of pater-
nal alleles at the A locus.

Fig. 3. Single allele transmission probabili-
ties and 95% confidence intervals of mater-
nal alleles at the A locus.
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Fig. 4. Single allele transmission probabili-
ties and 95% confidence intervals of pater-
nal alleles at the B locus.

paternal genotypes A28,A32 (¯2 = 5.48, 1 d.f., p = 0.02)
and A2,A3 (¯2 = 4.62, 1 d.f., p = 0.03) may not happen
according to Mendel’s law. However, the goodness-of-fit
test of neither maternal alleles (¯2 = 13.7, 13 d.f., p = 0.40),
nor paternal alleles (¯2 = 17.06, 12 d.f., p = 0.15) was not
statistically significant.

B Locus
There was statistically significant distortion in the ma-

ternal alleles transmitted according to the global test (¯2 =
97.58, 63 d.f., p ! 0.01), but only borderline significance
of the paternal alleles (¯2 = 71.88, 54 d.f., p = 0.05). Esti-
mated transmission probabilities of individual alleles
with their 95% confidence intervals alleles are shown in
figure 4 for fathers and in figure 5 for mothers. Both pater-
nal B38 (Z = –2.68, p ! 0.01) and maternal B62 (Z =
–2.67, p ! 0.01) alleles were transmitted at a lower fre-
quency than expected. The goodness-of-fit tests of mater-
nal alleles (¯2 = 39.59, 35 d.f., p = 0.27) and paternal
alleles (¯2 = 24.84, 31 d.f., p = 0.78) were not statistically
significant.

DR Locus
Considering the locus as a whole, there was no evi-

dence of transmission distortion of either maternal alleles

(¯2 = 42.01, 39 d.f., p = 0.34) or paternal alleles (¯2 =
43.79, 29 d.f., p = 0.25). Estimated transmission probabil-
ities of alleles at the DR locus with their 95% confidence
intervals are shown in figure 6 for fathers and in figure 7
for mothers. Only the transmission of maternal DR2
alleles differed significantly (Z = –2.60, p ! 0.01) from the
pattern expected under the hypothesis of Mendelian
transmission. The goodness-of-fit tests of the transmis-
sion of maternal (¯2 = 17.4, 27 d.f., p = 0.92) and paternal
(¯2 = 13.3, 17 d.f., p = 0.72) alleles were not statistically
significant.

Discussion

Our data do not provide direct support to the hypothe-
sis of non-Mendelian inheritance of alleles at the HLA A,
B and DR loci. To make this conclusion, we rely on the
goodness-of-fit test where single allele transmissions are
estimated simultaneously and there are less parameters to
be estimated than in the global test. Single allele transmis-
sion probabilities were calculated to reveal individually
the alleles inherited in a non-Mendelian fashion. Even
though some single allele transmission frequencies were
statistically significantly different from 50%, these find-
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Fig. 5. Single allele transmission probabili-
ties and 95% confidence intervals of mater-
nal alleles at the B locus.

Fig. 6. Single allele transmission probabili-
ties and 95% confidence intervals of pater-
nal alleles at the DR locus.
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Fig. 7. Single allele transmission probabili-
ties and 95% confidence intervals of mater-
nal alleles at the DR locus.

ings cannot be considered to be conclusive as the signifi-
cance levels have not been corrected for multiple compar-
isons. However, we can conclude that the existence of
strong transmission distortion in the considered loci is
excluded by our study.

Comparison to the results of other studies, like Klitz et
al. [7] and Jin et al. [6], does not reveal consistent patterns
of HLA allele transmission. In our data set, paternal A26
was transmitted less often than expected, whereas in the
Caucasian population sample of Klitz et al. [7] it was
transmitted at a higher than 50% frequency. There were
no other common alleles detected in these studies which
would have deviated from Mendelian transmission ratios
in either locus A, B or DR. This inconsistency of the
results is not surprising: first, because sparse data on high-
ly polymorphic loci will generally lead to low significance
in statistical tests; secondly, there is no inherent reason for
alleles to deviate from Mendelian ratios in a systematic
way in different populations: the International Histocom-
patibility Workshop data were collected from several dif-
ferent populations, whereas ours represents the Finnish
population. Even if significant transmission distortion
existed, it is quite possible that it would affect different
alleles in different populations. The other studies on
transmission probabilities referred to in this paper [2, 4,

5, 8, 9] showed non-Mendelian transmission for DR3 and
DR4, which was not found in this study. Some of the
groups had observed such transmission to affected chil-
dren [4, 8, 9, 22]; however, this may only indicate associa-
tion between the genes and the disease (penetrance). Still,
these considerations are justified if one is interested spe-
cifically in the possible differential transmission of dia-
betic alleles from healthy or affected parents to diabetic
offspring. In this study, we did not want to go into these
questions because this would have required taking into
account the issue of penetrance, which is not a straightfor-
ward matter.

This study provides only weak support for the hypoth-
esis of increasing genetic susceptibility in populations
and, thereby increasing incidence, due to non-Mendelian
transmission of diabetic alleles. This is because the alleles
which were now suggested to be inherited in a distorting
fashion are not diabetes-associated, except for B62, or are
even negatively associated (e.g. DR2, which is called pro-
tective). They are all found to be transmitted less often
than expected under Mendelian segregation. If the preva-
lences of these non-diabetes-associated alleles decrease in
the population, then the net impact on the frequency of
other alleles should be a slight increase. If the genetic pool
is changing, this change does not directly influence dia-



316 Hum Hered 2000;50:308–317 Pitkäniemi/Onkamo/Arjas/
Tuomilehto-Wolf/Tuomilehto

betes-associated genes and has a minor effect on the pro-
portion of genetically susceptible individuals. Only if one
assumes some degree of transmission distortion of suscep-
tibility alleles and reasonable penetrances for these alleles,
could an increase in the incidence of diabetes result. This
possibility has been explored by Onkamo et al. [unpubl.
data] in a study where the theoretical rate of change was
compared to the real increase in incidence seen in Finland
during the past few decades.

Finally, we remark that when using analysis methods
which are based on the assumption of Mendelian trans-
mission, like TDT [23] or linkage methods, transmission
distortion will generally influence the probability of find-
ing a significant association. It is easy to reason that, given
that there is transmission distortion in a genome region
which contains a candidate gene for disease, ignoring pos-
itive transmission distortion would lead to false-positive
findings.

Apparently, the possibility of biased transmission
should be carefully explored in genetic studies. The meth-
od proposed in this paper provides unbiased estimates of
transmission probability from data ascertained through
an affected individual during the recruitment period. Un-
fortunately, direct unbiased estimation is only possible by
ignoring some of the data (the index child and his/her old-
er siblings). In spite of the resulting loss of power to detect
transmission distortion, we find that avoiding bias is

more important. To incorporate transmission data from
elder siblings, modeling of the ascertainment (disease)
process is required. This will be studied in a future work.
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