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Summary

The segregation of COLlA1 and COL1A2, the two genes which encode the chains of type I collagen, was

analyzed in 38 dominant osteogenesis imperfecta (OI) pedigrees by using polymorphic markers within or

close to the genes. This was done in order to estimate the consistency of linkage of OI genes to these two
loci. None of the 38 pedigrees showed evidence of recombination between the 01 gene and both collagen
loci, suggesting that the frequency of unlinked loci in the population must be low. From these results, ap-

proximate 95% confidence limits for the proportion of families linked to the type I collagen genes can be
set between .91 and 1.00. This is high enough to base prenatal diagnosis of dominantly inherited 01 on

linkage to these genes even in families which are too small for the linkage to be independently confirmed
to high levels of significance. When phenotypic features were compared with the concordant collagen lo-
cus, all eight pedigrees with Sillence OI type IV segregated with COL1A2. On the other hand, Sillence OI
type I segregated with both COLlAl (17 pedigrees) and COL1A2 (7 pedigrees). The concordant locus was

uncertain in the remaining six OI type I pedigrees. Of several other features, the presence or absence of
presenile hearing loss was the best predictor of the mutant locus in OI type I families, with 13 of the 17
COLlAl segregants and none of the 7 COL1A2 segregants showing this feature.

Introduction

Osteogenesis imperfecta (01) is one of the heritable dis-
orders affecting the skeleton and other connective tis-
sues. The diagnostic hallmark is bone fragility, although
this definition embraces a very wide range of pheno-
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type, from, at one end, intrauterine or perinatally le-
thal forms through an almost continuous spectrum to,
at the other end, a barely noticeable increase in frac-
ture tendency. When the phenotype allows it, 01 is al-
most always inherited as an autosomal dominant trait.
Bone and the other tissues most affected in 01 de-

pend on type I collagen for mechanical strength, so ab-
normalities in this protein, or in the genes that control
it, have been suspected in the disorder for some time
(McKusick 1972; Penttinen et al. 1975; Sykes et al.
1977). Collagen 1 is a trimer of two al chains and one
a2 chain. These subunits are encoded, in man, at
the nonsyntenic loci COLlAl (17q 21.31-22.15) and
COL1A2 (7q 21.3-22.1), respectively. Biochemical anal-
ysis of isolated cases has shown new dominant muta-
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tions in these genes to be a frequent cause of perinatal
lethal 01 (Byers et al. 1988), but the association be-
tween the inherited forms of the disease and the colla-
gen loci has come from the genetic analysis of extensive
pedigrees.

Concordant segregation of the dominantly inherited
01 phenotype and a collagen structural gene was first
reported in 1983 (Tsipouras et al. 1983) when no recom-
binants between the disease and COL1A2 were found
in eight informative meioses within a single family when
an EcoRI RFLP was used at the locus. As additional
markers at COL1A2 were discovered and more families
were tested, discordant as well as concordant families
emerged (Tsipouras et al. 1984; Grobler-Rabie et al.
1985b; Wallis et al. 1986). When markers at COLlAl
were tested in addition to those at COL1A2, there were
no examples of discordance at both loci in 11 families
(Sykes et al. 1986). This indicated that the extent of
genetic locus heterogeneity might be limited to these
two collagen genes. This in turn suggested that the
widespread prenatal diagnosis of 01 on the basis of
identification of the mutant type I collagen allele by
using genetic markers might be feasible in families which
were too small in themselves to provide sufficiently good
independent evidence of linkage.
The study which the present article reports was or-

ganized to address two questions of considerable prac-
tical importance to prenatal diagnosis. First, what is
the frequency of 01 loci linked to type I collagen genes?
The 11-family study was clearly too limited to provide
an accurate estimate of this frequency, the derived 95%
confidence intervals extending from .71 to 1.00. Sec-
ond, is there an association between the clinical pheno-
type and the mutant locus? A correspondence between
COL1A2 and Sillence 01 type IV had been suggested
by earlier studies (Falk et al. 1986; Sykes et al. 1986),
and any method of predicting the mutant locus in a
small family in which segregation analysis might not
provide a clear answer deserved investigation. Plainly,
the only sensible way to answer these important ques-
tions was to coordinate the analyses of several centers
with access to extensive OI families.

Methods

The seven groups taking part in this study analyzed
a total of 508 individuals from 38 pedigrees. In all of
these 01 was segregating as a dominant trait, and any
individuals in which the diagnosis was in doubt were
excluded. Parameters of the phenotype were recorded
and summarized as the most severe expression of the

gene within each pedigree. In addition, collaborators
were asked to assign the disease in each pedigree to one
of the categories suggested by Sillence for dominantly
inherited 01 (Sillence et al. 1979).
DNA preparation, restriction-enzyme digestion, elec-

trophoresis, blotting, and hybridization schedules were
not standardized, and each laboratory used its own ver-
sion of conventional techniques. The filters were hy-
bridized to [32P]-labeled probes which revealed frag-
ment-length variation at the two type I collagen loci.
The map positions of the markers are shown in figure
1, and information on probes and fragment sizes is given
in table 1. Haplotypes were constructed according to
the notation in table 2.

Incorporated into the protocol of the study was the
stipulation that the maternity/paternity of apparently
recombinant meioses should be checked. This was done
by hybridizing Hinfl digests with the minisatellite probe
15.1.11.4, which detects a highly polymorphic series of
bands in an individual which are all derived from the
natural parents (Jeffreys et al. 1985). In the end only
one group analyzed all recombinant meioses in this way,
the others restricting their checks to crucial recom-
binants only. It was also agreed that if, after confirming
paternity/maternity, any pedigrees were discordant at
both COLlAl and COL1A2, the appropriate branches
should be resampled. This condition, unlike the first,
was rigidly enforced. These two conditions reflected
the anticipated significance to the overall study of dou-
bly discordant pedigrees, which would, of course, in-
dicate the presence in the population of a third, un-
linked, 01 locus.

A B C
mop I RNaI Rui

1A1H17526 AF06 NT-

FO2
A D S C

I I 1I Stu I

- NJi

U F.-..4 IOIhb

Figure I Physical map ofdimorphic restriction sites at COLlAI
and COL1A2, showing the probes used to reveal them.
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Table I

Information on Restriction-Fragment Sizes Revealed by Each Probe

FRAGMENT SIZE

COLLAGEN Locus, ENZYME (kb)

NOTATION, AND ENZYME PROBE Allele 1 Allele 2 REFERENCE

COLlA1:
A, MspI ...........A.... 1AH17526 2.7 3.0 Sykes et al. 1986

FG2a 2.7 3.0 Gilchrist 1987
B, RsaI ................ 2FC6 2.6 3.6 Sykes et al. 1986
C, RsaI ................ NST70 2.1 2.4 Ogilvie et al. 1987

COL1A2:
A, EcoRI .............. NJ3 10.5 14.0 Tsipouras et al. 1983
B, MspI ............... Hf 32 1.6 2.1 Tsipouras et al. 1984

1A2E40 1.6 2.1 Grobler-Rabie et al. 1985a
C, StuI ................ Nj1 5.9 +4.3 10.2 B0rressen et al. 1985
D, RsaI ................ Hf 32, Hfll31 2.1 2.9 Grobler-Rabie et al. 1985b

1A2E40 2.1 2.9 Sykes et al. 1986

NOTE.-See references cited give further details.
a Subclone FG2 is a derivative of 1A1H17526 containing reduced amounts of repetitive sequence.

Results

Figure 2 displays the detail of the pedigrees and type I
collagen genotypes. Table 3 is a summary of the lod
scores at 0 = .00 that were calculated using MLINK
or LIPED programs or, in simple cases, by arithmetic.
Other values of 0 were not considered, since for candi-
date genes using internal or very close markers, linkage
analysis becomes segregation analysis with only two

discrete conclusions. If any true recombinants are ob-
served, segregation is discordant and the candidate is
excluded as the mutant locus. If segregation is concor-
dant, the likelihood that the candidate gene is at or very
close to the mutant locus is conveniently expressed as

the positive lod score.

If we assume that 01 families may belong to one of
two discrete types- a fraction (a) linked to one or other
of the collagen loci at 0 = .00 or a fraction (1- a) not
linked to either of the collagen loci -then the data can
be used to estimate the relative proportion of each fam-
ily type. Since no family was discordant at both loci,
we have no direct evidence of unlinked families; but
their existence in the population can never be excluded,
and this study reports results from only a sample of
the population. Further, one or more unlinked families
may have been included in the study but not demon-
strated because the observed concordant segregation
was due to chance, not to linkage.
The study can be used to derive the probability of

its detecting one or more unlinked families at different

values of a. The probability (p) at 0 = .00 that in a

family with m offspring none is a recombinant, is given
by

p = a + (1-a)(1/2)m, (1)

Table 2

Haplotype Notation

First Second Third
No. of Variants and Haplotype Site Site Site

1:
1 ....................... +
2 ........................

2:
1 ....................... + +

2 ....................... + -
3 ........................ +
4 ......................--

3:
1 ....................... + + +

2 ...................... + + -

3 ...................... + - +

4 ...................... + - -

5 ....................... - + +

6 ...................... - + -
7 ...................... - - +

8 ......................-- -

NOTE.-Combinations of variants used to assemble haplotypes
are shown. Haplotype notation is that used to construct the geno-
types shown in fig. 2.
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302 Sykes et al.

Table 3

Lod Scores at Each Locus and the Linkage Constant for Each Family

LOD SCORE (0 = .00)

PEDIGREE COL1A1 COL1A2 LINKAGE CONSTANT

1.1 1.2 - 00 .88
1.2 ....... 1.2 -00 .88
1.3 2.1 -00 .98
1.4 ...... .8 .6 .70
1.5 ....... -00 .9 .75
1.6 ....... 1.6 - 0 .95
1.7 ....... - 00 .9 .75
1.8 ....... -00 4.3 1.00
1.9 ....... - 00 2.0 .98
1.10 ...... - 00 1.5 .94
1.11 ...... -00 2.2 .99
1.12 ...... 1.7 -c .96
1.13 NI 0.90 .75
2.1 ND 3.9 1.00
2.2 ND 2.7 1.00
2.3 ....... -00 1.5 .94
2.4 ....... -00 .6 .50
2.5 ....... .6 -00 .50
2.6 ....... 1.8 -00 .97
2.7 . ...... - 0 1.5 .94
3.1 .9 NI .75
3.2 ....... .7 -00 .60
3.3 .9 .6 .75
3.4 .9 .6 .75
3. ....... .3 -00 .00
3.6 3.1 -00 1.00
3.7 ....... .8 -00 .94
4.1 ....... - 00 1.5 .94
4.2 ....... - 0 2.4 .99
4.3 ....... 1.2 -00 .88
4.4 ....... -cc 1.2 .88
4.5 ....... 2.0 - 0 .98
5.1 ....... -00 7.7 1.00
5.2 ....... .8 -c .70
6.1 ....... 1.1 -00 .85
6.2 ....... 1.6 -00 .95
6.3 -00 NI
7.1 ....... 2.7 -00 1.00

NOTE.-A lod score of -cx denotes discordance. NI = Noninformative; ND = not done.

(Ott 1986), the component a being the probability This equation can now be used for dealing with more
of sampling a linked family and the component (1- a) than one marker locus, as in the present study. Under
(1I2)m being the probability of chance concordance in these circumstances families will segregate in one ofthree
an unlinked family. The likelihoods ratio in favor of ways: (1) with one locus and not the other, (2) with
linkage (L), a direct derivative ofthe computed lod score, both loci (in which case segregation with one must be
can be used as a convenient alternative to derive an ap- fortuitous), or (3) with neither (indicating a third dis-
proximation of the second component of equation (1). ease locus). The first two ways are compatible with link-

age to one or other of the loci.
p = a + (1- a)(1/L) . (2) The probability (pi) that a given family belongs to
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segregation types 1 or 2, (i.e., no recombinant offspring)
is given by

pi = a + (1-a)(2/Limax)
= a (1-2/Limax) + 2/Limax, (3)

where a is now the proportion of the families in the
population that are linked to either locus and where
Limax is the higher of the two likelihood ratios. In fam-
ilies of segregation type 1, Lmax will be derived from
the nondiscordant locus. In type 2 families, usually
small, where there is concordance at both loci but only
in one can this be due to linkage, Lmax is taken to be
the higher of the two ratios. As two unlinked loci are

being considered, the probability of concordance by
chance at one of them is doubled compared with that
for the single locus (equation [2]), and this is accounted
for by the numerator in the second part of equation (3).

Table 3 gives the value of (1-2/Lmax) for each fam-
ily. This is the linkage constant shown in the table. The
overall probability (P) of detecting one or more unlinked
families in the 38-family series is given by

P = 1 - (plp2*P3 ... , p38),

where pi, P2, etc., are the values for families 1, 2, etc.
and may be calculated for different values of a by using
equation (3). These values are given in table 4. These
probabilities can be seen as defining the approximate
confidence levels that the true value of a is at or above
that used in the calculation. Thus, we are 97% confident
that a is .90 or higher. The 95% confidence interval
places a between .91 and 1.00.

Table 5 records the important phenotypic character-
istics of each pedigree that have been assessed as the
most severe expression of the OI gene in that pedigree.
Table 6 compares the mutant locus in a family, as de-
termined by segregation analysis, and features of the
phenotype shown in table 5.

Discussion

The principal aim of the present study has been to

provide essential information for the application of
prenatal diagnosis in dominantly inherited 01. Unlike
inherited disorders in which the genes responsible have
a low new mutation rate, OI is most probably caused
by a different mutation in each separate family. This
level of allelic heterogeneity in OI rules out widespread
prenatal diagnosis by identification of specific muta-
tions, at least until techniques for doing so improve con-

Table 4

Lower Confidence Levels for Different Values of the
Proportion of 01 Families Linked to Either
COLIAI or COLIA2

a .80 .80 .85 .90 .95
P .999 .993 .966 .808

NOTE. -Data are the probabilities (P) of observing one or more
unlinked families in the study sample at different values of the true
proportion of linked families in the population (a).

siderably. Nevertheless, if these mutations occur at a
very limited number of loci, then indirect identifica-
tion, using genetic markers, of the mutant allele in a
fetus can provide an adequate basis for such a test. The
results presented here indeed show that the genetic het-
erogeneity in dominantly inherited 01 does appear to
be limited to the two type I collagen loci COLlAl and
COL1A2.

There are two important caveats. The first is that the
conclusion is based on 01 with clear dominant in-
heritance. Other work has shown that recessively in-
herited 01 can be caused by mutations at loci unlinked
to either COLlAl or COL1A2 (Aitchison et al. 1988;
Daw et al. 1988; Wallis et al., submitted). The second
caveat is that the pedigrees studied here were extensive,
and this selection bias should be borne in mind when
applying the conclusions to smaller families, who will
form the majority of those requesting prenatal diagno-
sis. However, there is no reason to think that the dis-
ease is fundamentally different in small families.
The study demonstrates a 95% probability that the

proportion of 01 families linked to either COLlAM or
COL1A2 is .91 or higher. There is an 80% chance that
this proportion is higher than .95. Further improve-
ments in this figure are subject to the law of diminish-
ing returns. For instance, to increase the lower limit for
95% confidence from .91 to .95 would require at least
another 30 large families to be analyzed- a formida-
ble and probably unnecessary task. Other sources of
error, such as misdiagnosis, sampling, and technical
problems, would become more significant than the di-
minishing possibility of a third 01 locus.
Although we did not find any evidence of a third un-

linked 01 locus, it can never be ruled out by this sort
of study. Nonetheless, were one to be demonstrated later,
the present study suggests that its frequency in the 01
population is likely to be low. Clearly, prenatal diagno-
sis in such a family on the basis of identification of a
concordant type I collagen allele in the fetus would be
misleading. Therefore, we feel it would be prudent at
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Table 5

Phenotype Features of 01 Families and the Mutant Locus

PHENOTYPIC FEATURE

Mutant Sillence Scleral Dentinogenesis Hearing Fractures Fracture
PEDIGREE Locusa Typeb Colorc Imperfectad Lossd at Birthd Numbere Deformityf

1.1 ....
1.2.
1.3.
1.4.
1.5.
1.6.
1.7.
1.8.
1.9.
1.10.
1.11.
1.12.
1.13.
2.1.
2.2.
2.3.
2.4.
2.5.
2.6.
2.7.
3.1.
3.2.
3.3.
3.4.
3.5.
3.6.
3.7.
4.1.
4.2.
4.3.
4.4.
4.5.
5.1.
5.2.
6.1.
6.2.
6.3.
7.1.

1
1

1

3

2
1

2
2
2

2

2

1

3
2

2
2
2

1
1

2
3

1

3

3

1

1

1

2

2

I1
2

1

2

1

1

1

3

1

1

1

1

1

1

1

1

4
4

4

4

1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

1

4

4

1

4

1

4

1

1

1

1

1

2
2
2
3

2
2
2
1
0

0

0

2
2
2
1

2

2

2

2
2
2

2
2

2

2

2

2

1

0

0

0

3

0

2

2

3

2

2

0

0

0

0

0

0

0

1
1
1

1

0

0

1
1
1

1
0

1

1
0

0

1

0

0

0

1
1

1

0

0

0

1

0

0

0

0

0

1
1
1

0

0

0

0

1
1

1
1
0

1
0

0

0

0

1
1
0

0

0

0

1
1

1
1
1
1

1

1

1

0

1

0

1

1

1

0

1
0

0

0

0

0

1
0

0

1
0

0

0

1
0

0

0

0

0

0

0

0

0

0

1
0

1
1
0

1
0

0

0

0

0

1
0

3
4
3
1
2
3
1

3
3

4
3
2
2
3

1

1
1
2

1

1

3
4
3
2
1

2
2

3
4
4
3
2
3
3
2
3
2
2

0

0

0

0

0

2

2

0

1

3

3

0

0

1

0

1

1

0

0

0

1

1

1

0

0

1

0

2

2

2

0

0

0

1

0

0

0

0

NOTE. -A summary of the phenotypic features of each pedigree and the concordant locus (the score
for each feature records the most severe expression of the 01 gene in that pedigree, not necessarily in
the same individual) is as follows: mutant locus-1 = COLiA1, 2 = COL1A2, 3 = uncertain; Sillence
type-1 = type 1, 4 = type IV; scleral color-0 = white, 1 = light blue/grey, 2 = mid blue, 3 =
dark blue; fracture number-1 = less than 10, 2 = 10-19, 3 = 20-50, 4 = more than 50; deformity-0
= absent, 1 = mild, 2 = moderate, 3 = severe; other features-0 = absent, 1 = present.

this stage to include a 5% probability of this being the
case when calculating the risk modification for those
families requesting prenatal diagnosis in cases where
there is no independent evidence of linkage to type I
collagen genes from segregation analysis.

At present, accurate prenatal diagnosis of OI in any
family depends on information from not one but both
type I collagen loci. The first step must be to distin-
guish whether the disease in that family is linked to
COLlA1 or to COL1A2, by analyzing the segregation
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Table 6

Analysis of Phenotype Characters by Concordant Locus

Locus

CATEGORY TOTAL No. COLlA1 COL1A2 Uncertain

All 01:
Sillence type
I..................... 30 17 7 6
IV ................... 8 0 (.00)a 8 (1.00)a 0

Sillence type I:
Scleral color:

0 .................... 1 1 0 0
1 .................... 1 0 1 0
2 .................... 25 14 6 5
3 .................... 3 2 0 1

Dentinogenesis imperfecta:
0 .................... 22 15 2 5
1 .................... 8 2 (.29)b 5 (0.71)b 1

Presenile hearing loss:
0 .................... 14 4 (.36)b 7 (.64)b 3
1 .................... 16 13 (1.00)a 0 (.00)a 3

Fractures at birth:
0 .................... 26 15 6 5
1 .................... 4 2 1 1

Fracture number:
1 .................... 8 2 (.29)b 5 (.71)b 1
2 .................... 11 7 1 3
3 .................... 8 5 1 2
4 .................... 3 3 0 0

Deformity:
0 .................... 20 12 3 4
1 .................... 8 3 3 2
2 .................... 2 2 1 0

NOTE. -Data are summaries of phenotypic features from table 5, grouped according to the concor-
dant locus in that pedigree. Figures in parentheses are the proportion of locus-assigned pedigrees in each
column only where there is a significant distortion from the expected distribution.

a .01 > p > .001 (calculated from X2 distribution).
b .1 > p > .05 (calculated from x2 distribution).

patterns of the two loci until one is seen to be discor-
dant. So long as the paternity and maternity of appar-
ent recombinants are correct, this identifies the other lo-
cus as the mutant, within the confidence limits discussed
above. Prenatal diagnosis then depends on being able
to distinguish, in the usual way, the mutant from the
normal allele in the fetus at risk. The requirement for
informative meioses at two loci means that some fami-
lies cannot be offered prenatal diagnosis because the
mutant locus cannot be identified even though the pa-
rental genotypes of the fetus at risk are fully informa-
tive at one or even at both loci.

Alternative ways of identifying the mutant locus in
these families would be valuable, and we have analyzed
aspects of the clinical phenotypes of the pedigrees in

this series to see whether any are likely to be useful for
predicting the mutant locus. The results of this analy-
sis are shown in tables 3 and 4 and are derived from
data received from the collaborating centers, which were
asked to record the most severe expression of the gene
in the family. This introduces a bias in that, clearly,
the larger number of affected individuals there are within
a pedigree, the greater the chance of encountering more
severe symptoms.

In 32 of the 38 pedigrees the mutant locus could be
identified by segregation analysis. Of the remaining six
families, three were concordant at both loci-though,
clearly, had more informative meioses been available,
one locus would have eventually become discordant.
Two families were concordant at one locus and nonin-
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formative at the other, while one family was discordant
at one locus and noninformative at the other. The dis-
ease in eight of these 32 "locus-assigned" pedigrees was
classified by the examining clinicians as Sillence 01 type
IV (short stature, deformity, white sclerae), and all eight
segregated with COL1A2. Of the 24 remaining pedi-
grees, classified as Sillence 01 type 1 (normal stature,
no deformity, blue sclerae), seven segregated with
COL1A2 and 17 with COLlAL. From this it emerges
that the Sillence classification itself is a promising indi-
cator of the mutant locus where the phenotype is 01
IV but not where it is 01 1. The correlation between
01 IV and COL1A2 has been noted before (Tsipouras
et al. 1984; Sykes et al. 1986), but this series extends
from four to eight the number of separate pedigrees
following the pattern.
When the 24 OI 1 pedigrees were examined for other

expression parameters, some emerged as surprisingly
good predictors of the concordant locus (table 5). All
13 pedigrees with early-onset hearing loss were linked
to COLlAL. Five of the seven pedigrees linked to COL-
1A2 had dentinogenesis imperfecta, while only two of
the 17 linked to COLlA1 showed this complication.
Fracture numbers were higher in COLlA1-linked fami-
lies compared with COL1A2 segregants. On the other
hand, deformity and the presence of fractures at birth
were of no predictive value in the series.

It would be a mistake to attribute too much weight
to these correlations, especially when the phenotype
data collection was not particularly carefully controlled
and refers to expression in pedigrees and not in indi-
viduals. The variability of expression in 01 is well
known, and in the same pedigree (e.g., 1.8) the same
gene can be carried by some individuals with all the
signs associated with severe 01 IV and by others in
whom even the diagnosis of 01 is in doubt. In practice
this information might be used to adjust the risk in such
cases where there was a very pressing need for prenatal
diagnosis and where the limitations of the precision were
well understood by the parents.
When the causal mutations at both loci are fully de-

scribed and when their effects on collagen and matrix
behavior are understood, a sounder basis for these corre-
lations between phenotype and mutant locus may
emerge. Until then, by far the safest way of discriminat-
ing between the two loci is by a clear demonstration
of recombination at one of them.
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