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Carboxyterminal propeptide of type 1 colla-
g e n ( P I C P ) a n d b o n e G l a - p r o t e i n -
osteocalcin (BGP) are the most important
components of the organic bone matrix and
play a key role in bone formation. To inves-
tigate whether and to what extent variation
of the plasma levels of these indices of bone
turnover depends on genetic factors, we
studied 355 adults belonging to nuclear
pedigrees. Genetic analysis was carried out
in 2 steps: 1) variance decomposition analy-
sis was performed using the FISHER statis-
tical package; and 2) complex segregation
analysis implemented in the program pack-
age MAN. The effect of age and gender dif-
ferences, gender hormones, as well as PTH
and vitamin-D (calcidiol) plasma levels were
evaluated simultaneously with the param-
eters of variance analysis. The results
showed that about 50% of PICP variation is
attributable to genetic factors. The effect of
age was significant among men and post-
menopausal women, whereas calcidiol in-
fluenced variation of PICP in premeno-
pausal women. The results of variance
analysis showed that some 40% of BGP, ad-
justed for confounding variables, can be ex-
plained in genetic factors. Age and PTH
were important covariates for osteocalcin
in men and premenopausal women. Explo-
ration of the maximum likelihood estimates
of the various hypotheses concerning the
mode of intergenerational transmission of
PICP and BGP demonstrated a good corre-
spondence to the Mendelian mode of inher-
itance (i.e., major gene effect). Am. J. Med.
Genet. 94:324–331, 2000. © 2000 Wiley-Liss, Inc.
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INTRODUCTION

Like every other tissue in the human body, bone un-
dergoes permanent change, i.e. remodeling during its
life span. The process of bone formation is implemented
by osteoblasts that activity can be demonstrated by
blood serum measurement of several biochemical indi-
ces of bone turnover. These included the carboxytermi-
nal propeptide of type 1 collagen (PICP), suggested by
a number of scientists to be a sensitive marker of col-
lagen I synthesis [Tokita et al., 1994; Garnero et al.,
1996; Melton et al., 1997]. Type I collagen is the major
component of the organic bone matrix. Another protein
of the organic bone matrix is bone Gla-protein (BGP),
or osteocalcin. BGP is found almost exclusively in min-
eralized tissues and has high affinity for hydroxyl apa-
tite, the main non-organic component of bone matrix
[Hodkinson and Thomson, 1982; Garcia-Carrasco et
al., 1988]. Measurement of its serum levels by radio-
immunoassay provides an important measure of bone
formation [Birdwood, 1996; Melton et al., 1997].

Despite the great physiological and clinical impor-
tance of bone turnover markers, very little is known as
to what extent their blood plasma/serum levels are de-
termined by genetic factors. Some studies were pub-
lished, however they were mostly conducted on
samples of female twins [Kelly et al., 1991; Tokita et
al., 1994; Garnero et al., 1996; Harris et al., 1998].

The primary aim of the present study was to eluci-
date the magnitude of the genetic effects on PICP and
BGP variation in healthy individuals belonging to
nuclear families. To assess whether genetic effects on
PICP and BGP are detectable we undertook variance
decomposition analysis. To examine the hypothesis
that established genetic effects are compatible with the
major gene concept, complex segregation analysis was
carried out at the next stage of the study.

MATERIAL AND METHODS
Sample

The data on 95 nuclear families consisting of 187
healthy men and 168 healthy women, 18–91 and 18–86
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years respectively, were gathered from several small
villages near Morgaushi and Zvenigovo in the Chu-
vasha Autonomic Region, Russian Federation, during
October–December of 1994. This population is charac-
terized by demographically stable family structure
with traditional relations between family members.
They have lived at least for the last few generations
under the same environmental conditions, and have
not been exposed to outside influences, such as genetic
flow, whereas most families shared essentially the
same living, economic and occupational conditions. The
information, that had been collected on relatives in-
cluded bone mineral density measurements, blood
samples, and data on different socioeconomic param-
eters, standard anthropometric measurements, and
data on chronic morbidity. No individuals with known
bone disease, hormone replacement therapy, steroid
medicines, amenorrhea, or with posttraumatic, rheu-
matoid or psoriatic osteoarthritis were included in the
study.

Hormonal and Biochemical
Factors Measurements

The plasma levels of biochemical indices of bone
turnover and hormones measured in this study were
all assayed from blood samples collected by standard
venipuncture techniques after a 12-hr fast. For the
quantitative determination of carboxyterminal propep-
tide of type 1 procollagen (PICP) in blood plasma, 125I
RIA Kit (Incstar Inc., Stillwater, MN) was used. This
assay is an equilibrium radioimmunoassay. Samples
were incubated with the 125I PICP primary antibody
for 2 hr at 37°C. After the 2 hr incubation, a pre-
precipitated second antibody complex was added to
separate the bound from free tracer. The assay is then
centrifuged and decanted after a 30 min incubation at
room temperature. The bound tracer in the pellet was
counted with a gamma counter. Counts are inversely
proportional to the amount of PICP present in each
sample. The within-assay precision ranges between 2.1
and 3.2% and the mean recovery (accuracy) is 99.2%.
The amount of osteocalcin (BGP) was measured by the
Elsa-Osteo Kit for the immuno-radiometric assay of os-
teocalcin produced by CIS biointernational (ORIS
Group, France). ELSA-OSTEO is a solid-phase “sand-
wich” immunoradiometric assay. Two monoclonal an-
tibodies were prepared against sterically remote sites.
The first being coated on the ELSA solid phase; the
second radiolabeled with iodine 125, was used as a
tracer. The within assay precision is about 3.8%, and
recovery percentage in the samples ranges between
95–105%.

The regulation of the bone remodeling process in-
volves the effects of systemic Ca2+ regulating hor-
mones, including the parathyroid hormone and vita-
min D and sex steroids [Delmas, 1993; Cormier, 1995;
Livshits et al., 1998]. Because these hormones may be
important covariates of the study, their biochemical in-
dices of bone turnover, plasma levels were also mea-
sured. Intact parathyroid hormone (PTH) plasma lev-
els were measured in duplicate by immunoradiometric
assay (IRMA) using an N-tact PTH SP kit (Incstar

Inc.). This kit has an intra-assay coefficient of variation
of 2.6% and an interassay coefficient of variation of
4.6%. Total testosterone (TEST) and estradiol (ESTR)
values were determined by means of the standard RIA
procedure using TESTO-CT2 and ESTR-CTRIA kits
(CTS Biointernational, ORIS Group, France). The
plasma levels of 25-hydroxyvitamin D 25(0H)D were
measured using a commercially available 1251-RIA
(Incstar Inc.). The assay consisted of a two step proce-
dure, that initially involves a rapid extraction of
25(0H)D and other hydroxylated metabolites from
plasma with acetonitrile. After extraction, the sample
was then assayed using an equilibrium RIA procedure,
employing an antibody directed against 25(0H)D.
Sample, antibody and tracer were incubated for 90 min
at 20°C, and phases were separated after a 20 min
incubation at 20°C, with a second precipitating anti-
body. The intra-assay CV ranges between 9.6–13.5%,
the inter-assay CV is 12–18%. There is virtually no
cross-reactivity with Vitamin D3, or 1,25(OH)4D3, me-
tabolites. There is 100% crossreactivity with 25(OH)D2,
25(OH)D3, 24,25(OH)2-D2, and 24,25(OH)2-D3, and
25,26(OH)2-D2 and 25,26(OH)2-D3. All biochemical
traits were measured in duplicate and average values
were used for further analyses.

Statistical and Genetic Analysis

Before genetic analysis, the PICP and BGP data
were examined for correlation with age and for gender
differences. Relationship of PICP and BGP with each of
the calciotropic and gender hormones were also tested
in a univariate manner. In the sample of women, all
correlations were examined for premenopausal and
postmenopausal women separately, and in the total
group.

The genetic analyses at the first stage were based on
quantitative genetic theory, that defines a phenotype
as a sum of effects of both genotype and environment
(Falconer and Mackay, 1996). Variance decomposition
analysis was performed using the FISHER statistical
package (Lange et al., 1988), with minor modifications.
This method allows the decomposition of the total in-
terindividual variation of the studied trait in a number
of the potential sources of variation in such a way:

VT 4 VADD + VPAR + VSIB + VHSH + VRES (1)

where VT is the total variance of the studied trait, VADD
is the additive genetic effect of a polygenic component,
VPAR is the common environment shared by parents,
VSIB-common sib environment, VHSH is the common
household shared by all relatives, and VRES is the re-
sidual factors, all of which are specific for each family
member.

For both traits considered, the mean effects included
a gender-specific phenotypic mean (mM, mF1 and mF2),
gender-specific age regression coefficients (bM, bF1 and
bF2) and similarly gender-specific regression coeffi-
cients reflecting the effects of other potential covari-
ates. The covariates effects for females were modeled
separately for premenopausal (F1) and postmeno-
pausal (F2) women. In an effort to control both endog-
enous and exogenous factors, regression coefficients
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were estimated simultaneously with variance decom-
position analysis. A maximum likelihood ratio test was
used as a model-fitting technique for the comparison
between the general model and a more limited model,
containing one or more parameters constrained to the
expected value (the number of df is the number of con-
strained parameters). A best fitting and most parsimo-
nious model was established after dropping all non-
significant parameters from the general model.

Complex segregation analysis as implemented in the
program package MAN [Ginsburg, 1997], was under-
taken in this study, to test major gene model of inher-
itance of each of the two biochemical indices. To remove
effects of the potential covariates on interindividual
variation, the present analysis used the data adjusted
in the previous stage of the study. The mixed model of
inheritance [Morton and MacLean, 1974; Elston, 1980;
Lalouel et al., 1983; Beaty, 1997; Ginsburg and Liv-
shits, 1999] estimated effects of the putative major
gene and possible multifactorial effects and is de-
scribed in detail in numerous publications, including
the above mentioned authors. The general model esti-
mated the following parameters:

p is the population frequency of the first two major
gene alleles (A1 and A2);

mg is the average trait value (genotypic value) in all
individuals having genotype g; where g 4 1, 2 and 3
corresponds to genotypes A1A1, A1A2, and A2A2, re-
spectively;

sg is the trait variance in individuals having the same
major gene genotype g; it estimates the trait varia-
tion due to effect of all possible environmental factors
and potential minor genes;

tg is the transmission probability parameter. It esti-
mates the probability that a parent of genotype g
transmits allele A1 to the next generation. The gen-
eral model does not assume a particular mode of
transmission and therefore t1, t2 and t3, were esti-
mated together with all other parameters.

r, b and « are correlations between the trait residuals
adjusted for major gene effect, in spouses, parents/
offspring, and in sibs, respectively. The pair-wise cor-
relations between residuals in any pair of pedigree
members (as in program package SAGE [Elston, 1995]
and PAP [Hasstedt, 1994]) are expressed through these
three parameters and depend additionally on the pedi-
gree structure and the particular position of this pair of
relatives. Other parameters as described above corre-
spond to those used in the program packages SAGE
and PAP [for details see Ginsburg, 1997; Ginsburg and
Livshits, 1999].

The major gene hypothesis was tested using the
standard transmission probability tests [Elston and
Stewart, 1971; Elston, 1980]. The major gene model of
the trait inheritance was accepted providing the follow-
ing two conditions were met: 1) when the general model
(all parameters were unrestricted) was compared with
the Mendelian model of inheritance (the transmission
probability parameters were restricted to the expected
1.0, 0.5 and 0.0), the latter was accepted (P > 0.05); 2)
when the general model was compared with the “envi-

ronmental” model (assuming independence of offspring
genotypes from the parental genotypes), the latter was
rejected (P < 0.05).

Once the major gene model was accepted, then the
most parsimonious model containing only statistically
significant genetic and non-genetic effects was con-
structed. This was achieved by sequential constraining
of the model parameters to the expected values. Maxi-
mum log-likelihood ratio tests were used to justify re-
striction of the selected parameters, and finally to ac-
cept the obtained most parsimonious model. No
ascertainment correction of likelihood was made be-
cause our method of the pedigree collection was in no
way connected with the individual’s hormone level.

The sequence of hypotheses testing was as follows:

1. The first hypothesis, with non-restricted param-
eters, is the general model, as mentioned above;

2. The mode of inheritance does not deviate from the
Mendelian transmission. This hypothesis was
tested by constraining transmission probabilities to
those expected under the Mendelian hypothesis
(i.e., t1, t2 and t3, to 1.0, 0.5 and 0.0, respectively);

3. Additional testing for the presence of major locus
effect was done by comparing the likelihood of the
general model with the likelihood of the model, as-
suming no major gene effect, i.e., constraining the t
parameters to equal values (so called ‘environmen-
tal’ model);

4. Hypothesis of non-transmission of the major effect
was also tested by constraining the t parameters to
equal the first allele frequency (i.e., p 4 t1 4 t2 4
t3).

5. The residual familial correlations (r, b and «) can
solely explain familial aggregation of the trait. This
hypothesis was tested by excluding parameters of
the major gene from maximization (i.e., t1, t2 and
t3) and constraining p 4 1 and m1 4 m2 4 m3.

6. The hypothesis of no inter-generational transmis-
sion of 25(0H)D values (sporadic hypothesis) was
tested by constraining all residual familial correla-
tions to zero, while holding to other parameters just
like these in hypothesis 5;

To construct a best fitting and most parsimonious
model, further restricted hypotheses were additionally
tested, namely:

7. The significance of multifactorial effects was tested
by constraining all residual familial correlations to
zero, while holding other parameters just like those
in the model 2;

8. The mode of inheritance of the major gene effect,
i.e., dominant, codominant, or recessive alleles in-
teraction was determined by comparing the like-
lihood of a) dominant (mAA 4 mAB), codominant
(mAB 4 0.5 [mAA + mBB]), and c) recessive (mBB 4
mAB) models with that of the model where estimates
of m parameters were carried out.

RESULTS
Statistical Analysis

The data were examined by gender, and within the
sample of women according to menopausal status. The
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results of measurements are provided in Table I. Our
measurements of all the biochemical characteristics,
except 25(0H)D, were in good agreement with the dis-
tribution of values in presumably normal subjects
given in the instructions to corresponding biochemical
assays. The 25(0H)D values were relatively low, possi-
bly due to the fact that the data were collected during
the winter. The comparison of the sample of premeno-
pausal daughters to postmenopausal mothers, showed,
as expected, high PICP, BGP and PTH in mothers.
Mothers also had much lower estrogen levels, as well
as plasma testosterone and 25(0H)D. Of these, only
BGP, TEST and ESTR levels differed significantly.

Plasma levels of PICP and BGP correlated signifi-
cantly in both sexes: r 4 0.259 (P < 0.001) in males, r
4 0.301 (P < 0.001) in females. In premenopausal
women, however, this correlation was substantially
higher, 0.400 (P < 0.001) vs. 0.180 (P < 0.05) in com-
parison with postmenopausal females. Among women,
both biochemical markers of bone turnover correlated
significantly with age (r 4 0.204 and 0.255, P < 0.01,
for PICP and BGP, respectively). Among men, each of
the markers was negatively correlated with age (r 4
−0.165 and −0.182, P < 0.05 in both instances). In ad-
dition, plasma levels of osteocalcin in men showed mod-
est, but significant correlation with PTH (r 4 0.185,
P < 0.01). In postmenopausal females this correlation
was not significant, but it was relatively high and sig-
nificant (r 4 0.355, P < 0.01) in premenopausal women.
Finally, it should be noted, that a negative correlation
between PICP and 25(0H)D levels was found (r 4
−0.276, P 4 0.012) in premenopausal women. No sig-
nificant correlations were observed between all other
comparisons of the studied biochemical characteristics.

Variance Decomposition Analysis

Table II presents the results of univariate analysis
for PICP and BGP respectively. In both instances the
effect of age and potential covariates identified previ-
ously, were simultaneously estimated with variance
components. Contribution of age, PTH and 25(0H)D in
women was estimated separately for pre- and post-
menopausal women. Parameter estimates for a general
model and the most parsimonious model are given with
their asymptotic standard errors for each respective
variance component. In addition, maximum log-
likelihood value for each model is also shown in the
table.

The results of univariate genetic analysis of PICP
were in good agreement with the raw familial correla-
tions. As seen in Table II, additive genetic effects were
highly significant, and accounted for about 55.5% of
PICP variation adjusted for age, gender and 25(0H)D
effects. The common family environment influence was
not detectable. Constraining the respective parameters
to zero did not virtually change the model’s likelihood.
Gender, age and 25(0H)D covariates were all signifi-
cant. The most parsimonious model, however, showed
the effect of age on procollagen levels in premenopausal
women, and the effect of calcidiol in postmenopausal
women and in males was negligible. The later was very
substantial in premenopausal females. Also, age effect
was increasing and much more pronounced in post-
menopausal women than in men (Table II).

The results of variance decomposition analysis of os-
teocalcin plasma levels demonstrated significant ge-
netic and marginally significant common sibs environ-
ment effects on interindividual variation in the general
model (Table II). No other component of shared envi-
ronment was significant for BGP variation. Consider-
ing the age influence on BGP, some 0.29 ng/ml decrease
in premenopausal women and 0.12 ng/ml decrease in
men per year was found. BGP was significantly corre-
lated with PTH plasma concentrations in men, and
particularly strongly correlated in premenopausal
women (Table II). The BGP levels in postmenopausal
women were independent of PTH and age effects. The
most parsimonious model indicated that about 38.5% of
BGP variation adjusted for potential covariates, were
attributable to genetic factors.

The parameter estimates obtained in the above uni-
variate genetic analyses were used as starting values
for the bivariate model. The latter explored small ge-
netic correlation with large standard error, but sub-
stantial environmental correlation between PICP and
BGP. The most parsimonious bivariate model con-
tained parameter estimates very similar to those
shown in Table II, and significant correlation between
the biochemical indices (rE 4 0.525 ± SE 4 0.128) due
to shared environment only. Thus, no common genetic
effects for PICP and BGP were detectable in the vari-
ance decomposition analysis.

Complex Segregation Analysis

Due to the modest sample size and relatively simple
structure of the studied pedigrees, gender, age and hor-

TABLE I. Descriptive Statistics for Studied Sample*

Variable Males
Premenopausal

Women
Postmenopausal

Women Pa

Age (year) 46.2 ± 16.6 33.2 ± 5.3 62.5 ± 6.0 <0.001
PICP (ng/ml) 137.8 ± 41.5 121.8 ± 32.6 132.7 ± 33.7 >0.05
BGP (ng/ml) 16.0 ± 7.0 15.2 ± 7.4 20.2 ± 7.5 <0.01
PTH (ng/ml) 30.1 ± 15.3 33.8 ± 18.3 36.3 ± 16.5 >0.05
25(0H)D (ng/ml) 9.8 ± 6.8 10.1 ± 3.8 8.2 ± 4.1 >0.05
TEST (nmol/l) 17.8 ± 6.4 1.5 ± 0.5 1.2 ± 0.5 <0.01
ESTR (pg/ml) 43.2 ± 33.4 71.1 ± 47.2 37.7 ± 27.1 <0.01
N (ind) 186 68 98 —

*For variables definition see Material and Methods section.
at-Test for comparison of pre- and post-menopausal women.

Genetics of Bone Formation 327



monal effects were not introduced into penetrance
function and were not estimated simultaneously with
other parameters of the corresponding models. To ac-
count for covariates effects on interindividual variation
of the indices of bone turnover, the measurements were
adjusted using a maximum likelihood estimate for the
regression parameters, as implemented in the previous
stage of analysis (Table II).

Table III provides the results of segregation analysis
of plasma concentrations of the BGP. As seen in the
table contrasting the Mendelian transmissibility model
with the general model gives a good agreement in
terms of maximum likelihood ratio test (P > 0.05). On
the contrary both “environmental” models, denying the
intergenerational transmission of the major gene al-
leles, were statistically rejected (P < 0.02 and P < 0.01,
columns 3 and 4). Testing the hypothesis that familial
correlations are the only source of the BGP familial
aggregation was also rejected statistically (P < 0.001,
column 5). Further sequential models testing for the
significance of the residual familial correlations led us
to the most parsimonious model, shown in column 6 of
Table III. This model demonstrated a very good corre-
spondence to the Mendelian mode of inheritance (x2 4
5.94, df 4 5, P < 0.05). In addition to parameters of the
major gene effect it retained also residual parental cor-
relation. Two other residual familial correlations were
statistically not significant. Present segregation analy-
sis showed that 53.8% of the BGP variation, adjusted
for confounding variables, are explained in the major
gene effect.

Exploration of the likelihood estimates of the various
hypotheses concerning the PICP inheritance, formally
gave support for the single gene involvement (Table

IV). The Mendelian hypothesis was accepted (x2 4
6.16, df 4 3, P > 0.05), whereas hypotheses of no-MG
effect (t1 4 t2 4 t3 or t1 4 t2 4 t3 4 p) were both
rejected with P < 0.05, in both instances. Transmission
probability parameter estimates in the general model,
however, were confusing (t1 4 0.907, t2 4 0.423 and
t 4 0.420) and substantially deviated from the Men-
delian expectations, although the familial correlations
model was significantly much worse than the general
model (x2 4 47.96 , df 4 6, P < 0.001; column 6). Fi-
nally, the most parsimonious Mendelian model, con-
tained also small residual parent/offspring correlation
with relatively high standard error (0.107 ± 0.050) but
on the grounds of the maximum likelihood test could
not be removed from the model. This model (column 6)
showed non-significant deviation from the general
model (x2 4 6.36; df 4 5, P 4 0.25). Thus, the present
analysis indicates that the Mendelian hypothesis is the
best fitting and most parsimonious for PICP variation.
Under this assumption about 64% of PICP variation
adjusted for confounding variables are accounted for
major gene effect. This value in general is in good
agreement with the results of the variance decomposi-
tion analysis.

DISCUSSION

Up to the present time few data are available regard-
ing the inheritance of the biochemical indices of bone
turnover [Kelly et al., 1995]. What has been published,
however, clearly indicates substantial involvement of
the genetic factors in the determination of quantitative
variation of the indices of bone formation. Kelly et al.
[1991] used a modest sample of MZ and DZ twins to

TABLE II. Variance Decomposition Analysis of Plasma Levels of PICP and
BGP in Chuvashian Pedigrees*

Parameters

Procollagen Osteocalcin

GNR MSP GNR MSP

Intercept
Males 154.0 ± 10.31 160.4 ± 7.85 18.6 ± 1.62 19.7 ± 0.66
Females 1 154.7 ± 30.91 141.3 ± 12.19 18.8 ± 5.14 19.7 ± 0.66b

Females 2 40.2 ± 48.80 43.1 ± 40.06 28.8 ± 8.07 19.7 ± 0.66b

Age effect, b1
Males −0.44 ± 0.16 −0.49 ± 0.15 −0.11 ± 0.03 −0.12 ± 0.02
Females 1 −0.42 ± 0.83 0a −0.26 ± 0.16 −0.29 ± 0.05
Females 2 1.44 ± 0.65 1.43 ± 0.64 −0.15 ± 0.12 0a

Hormon effect, b2
d

Males 0.41 ± 0.41 0a 0.08 ± 0.03 0.07 ± 0.03
Females 1 −2.21 ± 1.11 −2.23 ± 1.10 0.15 ± 0.04 0.15 ± 0.04
Females 2 0.32 ± 0.86 0a 0.01 ± 0.04 0a

Variance Components
VADD 720.8 ± 197.4 729.7 ± 193.2 16.2 ± 6.03 17.4 ± 5.88
VPAR 26.8 ± 127.0 0a 0c 0a

VSIB 0c 0a 7.24 ± 4.68 0a

VHSH 0c 0a 0c 0a

VRES 578.5 ± 151.4 584.1 ± 148.8 24.81 ± 5.60 27.90 ± 5.24
Log-LH −1389.82 −1390.52 −788.48 −790.94
x2 1.40 NS 4.92 NS

*GNR and MSP are general and most parsimonious models respectively. NS corresponds to P
> 0.05
aParameter is fixed to the shown value.
bParameter is constrained to equal parameter above in the Table.
cParameter achieved its boundary.
dOnly effect of 25(0H)D was significant for procollagen, and effect of PTH for osteocalcin
correspondingly.
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TABLE III. Segregation Analysis of Osteocalcin in Chuvashian Sample (Fisher’s Adjustments)†

General
(s2

1 4 s2
2 4 s2

3
1

Mendel
2

Environ-1
3

Environ-2
t1 4 t2 4 t3 4 p

4

Familial
Correlation

5

Most
Parsimonious

6

1 p 0.399 0.430 0.469 0.469 1.000a 0.420
(0.076)

2 m1 −0.796 −0.863 0.066 −0.411 −0.004 −0.734
(0.297)

3 m2 −0.389 −0.357 −0.590 −0.411 −0.004b −0.419
(0.550)

4 m3 1.082 1.099 1.263 1.083 −0.004b 1.057
(0.180)

5 s2
1 0.431 0.416 0.442 0.505 0.969 0.439

(0.159)
6 s2

2 0.431b 0.416b 0.442b 0.505b 0.969b 0.439b

7 s2
3 0.431b 0.416b 0.442b 0.505b 0.969b 0.439b

8 r 0.267 0.263 0.270 0.260 0.181 0.000a

9 b −0.039 −0.048 0.172 0.160 0.183 0.000a

10 « −0.074 −0.075 0.141 0.135 0.154 0.000a

11 t1 1.000d 1.000a 0.628 0.469 — 1.000a

12 t2 0.632 0.500a 0.628b 0.469b — 0.500a

13 t3 0.001 0.000a 0.628b 0.469b — 0.000a

−LnLH 426.56 427.58 430.89 433.41 440.34 429.53
x2 — 2.04 NS 8.66* 13.71** 27.56*** 5.94 NS
df — 3 2 3 6 5

†Numbers in parentheses represent the standard error of a corresponding parameter.
aParameter is fixed to the shown value.
bParameter is constrained to equal parameter above in the Table.
dParameter estimate achieved its limit.
r, b and « correlations between non-major gene residuals in spouses, parents and offspring and between siblings, respectively.
NS corresponds to P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.

TABLE IV. Segregation Analysis of Procollagen in Chuvashian Sample (Fisher’s Adjustments)

General
(s2

1 4 s2
2 4 s2

3
1

Mendel
2

Environ-1
3

Environ-2
t1 4 t2 4 t3 4 p

4

Familial
Correlation

5

Most
Parsimonious

6

1 p 0.634 0.610 0.615 0.603 1.000a 0.611
(0.030)

2 m1 −0.714 −0.726 −0.502 −0.459 0.018 −0.719
(0.076)

3 m2 0.107 0.062 −0.102 −0.149 0.018b 0.060
(0.078)

4 m3 1.727 1.695 1.604 1.582 0.018b 1.705
(0.141)

5 s2
1 0.319 0.352 0.442 0.454 0.974 0.354

(0.031)
6 s2

2 0.319b 0.352b 0.442b 0.454b 0.974b 0.354b

7 s2
3 0.319b 0.352b 0.442b 0.454b 0.974b 0.354b

8 r 0.136 −0.095 0.131 −0.128 −0.139 0.000a

9 b 0.138 0.116 0.202 0.202 0.210 0.107
0.050a

10 « 0.124 −0.008 0.121 0.122 0.198 0.000a

11 t1 0.907 1.000a 0.603 0.603 — 1.000a

12 t2 0.423 0.500a 0.603b 0.603b — 0.500a

13 t3 0.420 0.000a 0.603b 0.603b — 0.000a

−LnLH 425.88 428.96 430.27 430.30 449.86 429.06
x2 — 6.16 NS 8.78* 8.84** 47.96*** 6.36 NS
df — 3 2 3 6 5

aParameter is fixed to the shown value.
bParameter is constrained to equal parameter above in the Table.
dParameter estimate achieved its limit.
r, b and « correlations between non-major gene residuals in spouses, parents and offspring and between siblings, respectively.
NS corresponds to P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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find that contribution of potential genetic effect on se-
rum BGP level reaches up to 80% of the total variation.
Garnero and Borel [1996] confirmed these results.
They showed that intraclass correlations in MZ twins
were significantly higher than in DZ twins for 2 bio-
chemical markers of bone formation, namely, BGP
and bone specific alkaline phosphatase. The twins de-
sign study was also used by Tokita et al. [1994] to ex-
amine genetic influence on PICP and two other mark-
ers of collagen synthesis and degradation. Their
estimates of heritability indicated that genetic factors
were responsible for the majority of the serum PICP
variation (h2 4 0.95).

The results of the current study of variance decom-
position analysis are in agreement with the above find-
ings. The latter show that age and PTH are important
regulators of the BGP levels in men and in premeno-
pausal women. The BGP variation adjusted for these
confounding variables is clearly dependent on the ge-
netic differences between individuals. Some 40% of the
BGP variation was attributable to additive genetic fac-
tors. As shown in segregation analysis the single gene
with relatively strong effect can be responsible for the
above genetic variation, and can explain about 54% of
the BGP variation.

The situation with PICP is more complex. Results of
the variance decomposition analysis left very little
doubt about strong involvement of the genetic factors
in PICP variation. More than 50% of the variation, ad-
justed for gender, age and 25(0H)D differences were
explained by putative genetic factors. The results of
segregation analysis were not as clear cut as in the case
of BGP, however, although as mentioned in the Results
section, we formally obtained confirmation for the ex-
istence of the major gene effect. At the same time, fa-
milial correlations model, corresponding to multifacto-
rial or polygenic model was obviously statistically
unacceptable.

The false inference of the major gene is possible
when a statistical decision is made in segregation
analysis. Go et al. [1978] suggested to introduce the
equal t’s model, as well as the model not incorporated
the major gene effect at all, to reduce the probability of
the false inference. MacLean et al. [1975] and Borecki
et al. [1994] examined the power of segregation analy-
sis to reveal single large-effect locus against a back-
ground of non-genetic familial factors or minor genes
causing trait covariation in relatives. They, in particu-
lar, showed that the power of analysis is dependent on
the magnitude of the trait heritability and on the num-
ber and complexity of the studied pedigrees.

In the present analysis of BGP can be used as a con-
trol for PICP. We used the same pedigrees for both
biochemical indices, and h2 estimate for PICP was
found to be higher. The less clear results of segregation
analysis of PICP were likely related to more complex
mode of inheritance than just a single gene effect. It is
possible that the second major gene, with lower effect,
was involved in the situation. This assumption, unfor-
tunately, could not be tested in the present study, due
to the relatively small sample size. Introduction of the
second putative gene into model creates flat likelihood

surface, making it impossible to discriminate between
competing hypotheses.

Identification of the potential candidate genes for
both BGP and PICP and their unequivocal linkage to
plasma/serum levels of the corresponding biochemical
indices will be the best solution for PICP mode of in-
heritance. It will also confirm the monogenic transmis-
sion pattern for BGP.
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