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ABSTRACT

Osteoporotic fractures (OFs) are a major public health problem. Direct evidence of the importance and,
particularly, the magnitude of genetic determination of OF per se is essentially nonexistent. Colles’ fractures
(CFs) are a common type of OF. In a metropolitan white female population in the midwestern United States,
we found significant genetic determination of CF. The prevalenceK) of CF is, respectively, 11.8% & SE 0.7%)

in 2471 proband women aged 65.55 years (0.21), 4.4% (0.3%) in 3803 sisters of the probands, and 14.6%
(0.7%) in their mothers. The recurrence risk (Ky), the probability that a woman will suffer CF if her mother

has suffered CF is 0.155 (0.017). The recurrence risk(), the probability that a sister of a proband woman

will suffer CF given that her proband sister has suffered CF is 0.084 (0.012). The relative risk (the ratio of

the recurrence risk to K), which measures the degree of genetic determination of complex diseases such as CF,
is 1.312 (0.145,) for a woman with an affected mother and 1.885 (0.276A,) for a woman with an affected
sister. A A-value significantly greater than 1.0 indicates genetic determination of CF. The terma, and A are
related to the genetic variances of CF. These parameters translate into a significant and moderately high
heritability (0.254 [0.118]) for CF. These parameters were estimated by a maximum likelihood method that we
developed, which provides a general tool for characterizing genetic determination of complex diseases. In
addition, we found that women without CF had significantly higher bone mass (adjusted for important
covariates such as age, weight, etc.) than women with CF. (J Bone Miner Res 2000;15:1243-1252)
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rence risk

INTRODUCTION define the relative importance of genetic factors in deter-
mining some risk factors underlying OFs. These studies
More than 1.3 million osteoporotic fractures (OFs) occunave unambiguously revealed thats0—80% of bone
each year, with an estimated direct cost of $13.8 biffibn mineral density (BMD), a major risk factor for O
in the United States alone. One central objective of borig under genetic control. The importance of genetic de-
biology is the investigation into all the important intrinsictermination of other identified major risk factors (such as
and extrinsic factors that underlie OFs, with the ultimatbone loss rates and bone size) also is suggéstet?
goal to intervene effectively and reduce the risk anHowever, direct evidence of the genetic determination of
incidence of OFs. The majority of the stud®$ have OFs is essentially nonexistent. Particularly, the magni-
concentrated on extrinsic and nongenetic environmentalde of the genetic determination of OFs per se is un-
factors. Extensive studi€s'® have been conducted toknown.
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TaBLE 1. CF SATUS FOR THE PROBANDS AND THEIR SISTERS AND MOTHERS

No. of sisters of the probands No. of mothers of the probands
No. of probands Affected Unaffected Total Affected Unaffected Total Total
293 (affected) 32 341 373 56 237 293 959
2178 (unaffected) 137 3293 3430 304 1874 2178 7786
2471 (total) 169 3634 3803 360 2111 2471 8745

Extensive molecular genetic studi#s?® have been (1) Determine the prevalenc&) of CF in a metropolitan
launched to search for genes underlying BMD variation. white female population in the midwestern United
The results so far have been inconsistent, and consensus States.
needs to be developed by further studies and by analyg@y Determine the magnitude of genetic determination of
of previous extensive results. Molecular genetic studies CF as reflected by recurrence risksg) and relative
of other major risk factors (such as bone loss and bone risks () of CF.
size) have been scarce, even if important genetic detéd) Compare the bone mass in women with and without CF.
mination has been revealed for thétiz** Direct mo o termsK

lecular ggnetlc studies of Fhe OF per se are even Moigiq 504 Methods section. Their relationship to genetic
rare. Particularly, systematic, whole genome searches {Qlijances of CF also will be given. Their role in the deter-
genes important for OFs per se essentially do not eXigfination of the success of gene hunting for CF will be
However, searches for genes underlying the risk of Ofggscyssed. The prevalence of CF differs in males and fe-
per se are essential (see Discussion). OF occurs at C}Hmesgza there also may exist differences I, and A for
ferent skeletal sites for which the pathogenesis and rigftferent sex combinations, that i, of a woman with an
factors (including their underlying genetic loci if any)affected sister (a sister who has had CF) may be different

and/or their relative importance may not all be th¢om the Ky of a woman with an affected brother, partly
same?”?® Almost all fractures of the distal forearm arepecause the prevalence of CF is much higher in

the Colles’ type?®2? For this first investigation to char females?”31-39A|| the parameters (i.eK, K, andA) will

acterize genetic determination of OF, we choose to stu@¢ estimated by a maximum likelihood approach that we
Colles’ fracture (CF), for the following reasons: develop here.

andA will be defined in detail in the Mate

(1) CF is one of the most prevalent GZ:3134CF gener
ally is symptomatic and nearly always requires medical MATERIALS AND METHODS
treatment. Therefore, confirmation of CF is relatively
easy. CF accounts for a significant proportion of outoubjects and measurement

patient health resource utilization for OF treatm@??t. The data for this study were obtained during the prepa-
However, CF per se normally does not lead directly tpyiqry part of an ongoing research involving a whole ge-
markedly increased mortality and permanent morbidity,ome scan to detect genomic regions underlying the risk of
rendering it relatively easy to recruit study subjects W't@:F, which was approved by the Creighton University Insti-
CF. tutional Review Board. All study subjects signed informed-
(2) CF is predictive of underlying osteoporosis and subsgpnsent documents before entering.
quent OF*°~*¥ A CF is indicative of an overall 50%  The nuclear families of sisters and their mothers were
increase in the risk of a subsequent hip fractde. ascertained. The probands came from a database containing
Women with CF have lower BMD at several skeletad|| study subjects who have ever been participants of vari-
sites, including spine, hip, and radius and have highgus bone studies or patients at the Osteoporosis Research
bone turnover rat€” Center of Creighton University. We mailed questionnaires
(3) CFs in adults occur at relatively young ages, starting & 3696 women from this database who were at least 40
approximately age 40 years. Many of the study subjecygars of age as of January 10, 1999 and inquired as to their
have live parents and siblings available. Informatio€F status, the number of living sisters and their CF status,
from these relatives is essential for many genetiand finally the CF fracture status of their mothers. The mean
studies. (=SE) of the ages of the proband women was 65.55 (0.21).
Throughout, unless otherwise specified, the number within
To initiate extensive searches for genes underlying Qfarenthesis after an estimate is the associated SE. We re-
risk through the study of OF per se, direct evidence for theeived 2471 eligible responses as of April 1, 1999. The
importance of the genetic determination of OF per se musésic data are the information on the CF of the 2471
first be provided. Especially, the genetic parameters thatobands, 3803 sisters, and 2471 mothers of these probands.
determine the likelihood of success of hunting for OF gen&he total sample size is 8745. The CF status of these
must be estimated. In this study, we will subjects is summarized in Table 1. Data from otffdréY
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TABLE 2. ESTIMATES OF PREVALENCE, RECURRENCE AND RELATIVE RISkS

Prevalence Recurrence risk Relative risk
Kl KZ K3 Ks KO As )\O
0.118 0.044 0.147 0.084 0.155 1.885 1.312
(0.007) (0.003) (0.007) (0.012) (0.017) (0.276) (0.145)

TheK,, K,, andKj; are, respectively, the prevalence of CF in the probands, sisters of the probands, and mothers of the probands. The
K¢ andK, are the recurrence risks of CF for sister-sister and daughter-mother pairs., Hmnel A, are the relative risks of CF for
sister-sister and daughter-mother pairs. The detailed definition of these parameters can be found in the Definition and statistical analysis
subsection in the text.

and our own (Stegman MR, Deng HW, 1999, unpublished Because the incidence of CF is age depentféhthe
data) show that self-reported fractures are quite reliablgrevalence ) of CF also should highly depend on the age
especially those generally requiring medical treatment, sughoups of the subjects under study, as will be supported by
as CF. our data here on the differenti#l’s in the groups of the

Many of the 3696 women to whom we sent mail had bonmothers and the daughters. In addition, the probands are
density measurements by dual-energy X-ray absorptiomefrgm the database created for the subjects who have been
(DXA) at one or several of the following sites: spinethe patients or participants in studies conducted at our
femoral neck, distal radius, and total body, together witbenter. These probands are more likely to have osteoporosis
records for age and weight at the time of bone density osteopenia and are more prone to OF than the general
measurement. The spine was the combined BMD of L1-Lgopulation. To account for potential difference in risks, we
Measurement by DXA at our center already has beefenote the different prevalence of CF in the probands, the
described extensively previously (e.g., see Refs. 11, ZAisters of the probands, and the mothers, respectively, as
and 25). K,, andKj;. That is,

K, = (the number of affected probands)/(the total number
Definitions and statistical analyses of probands);
(the number of affected sisters of the probands)/(the
f total number of sisters of the probands);
E3 = (the number of affected mothers of the probands)/(the
j total number of mothers of the probands).

Because, to our knowledge, this is the first study tgz -
examine the genetic determination of OF per se, a bri
introduction to the various measures of risk is in orde
These measures of risk are defined in a more general way
and in more detail by Lynch and Wal&?) We assigned a The standard errors ¢f,, K,, andK; can be computed by
numerical value of 0 to a nonaffected individual (who hathe method of maximum likelihood, the principles of which
never had CF) and 1 to an affected individual (who has hadll be outlined for a more complex situation for the esti-
CF; Table 2). LeK be the population prevalence of CF. Ifmation ofA; and\, (Appendix 1). Although age data for the
CF has a genetic basis, relatives of an affected individusisters and mothers of the probands are not available, on
should have a probability greater thinof being affected, average as groups, there is no reason for the probands to
simply because of the genetic determination of CF ardiffer in age from their sisters and mothers will have older
genetic relatedness of relatives. Lettingandz, denote the ages than the daughters. Howevlr's are likely to be
status of CF of two relatives, then the recurrence risk)( different in probands and their sisters as reasoned earlier
is the probability that a relative is affected given that thand will be verified later. The distinction df’s in the
other is affected. The ternR indicates the relationship probands and their sisters accounts for differential risks of

between the two relatives. CF in these two groups and thus accounts for the ascertain-
ment through probands in the estimation developed in Ap-
Kr=Priz,= 1|z, = 1), pendix 1. The distinction of’s in mothers and their daugh-

ters accounts for the differential risks in mothers and
where {” indicates a conditional probability. An alternativedaughters simply because of the age difference and thus
measure is the relative risk, the increase in risk that one coarsely accounts for age dependence of the risks of CF in
relative is affected compared with the population prevalengkis study (also see Discussion).

K, when the other relative is affected, For this study, let us define two recurrence risks as
K = Pr(sister= 1|proband= 1), K, = Pr(daughter=
S 1|mother = 1), and define the two relative risks ag =
AR= KJK,and, = Ky/K,. In words,K,is the probability that

a sister of a proband will be affected with CF given that the
Note, the definition of the relative risk here is different fronproband is affected. The teriq, is the probability that a
that in the general field of epidemiolof? In addition,A\r  daughter will be affected conditional on her mother being
is a parameter scaled for the population prevalefce affected. The term,is the increase in risk of CF for a sister
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TaBLE 3. EsTIMATES OF ADDITIVE (04%), DOMINANT (0p%)  (K,) probably reflects the fact that the probands have been
GENETIC VARIANCE, AND THE NARROW-SENSE HERITABILITY  the participants of various bone studies to prevent osteopo-

(h?) orF CF rosis or have been patients at our center. Thereforenay
2 2 > be elevated relative to the same age group in the study
Op Jp .
population anK, may reflect more closely the prevalence
0.0108 —0.0029 0.254 (K) of the same age group in the population. Therefore, in
(0.0025) (0.0058) (0.118) the absence of the data from a random sample from the

study populationK, is employed to approximat& for
women of~65.6 years of age (0.21). However, it should be
noted thatk, is still expected to be higher that for the
who has an affected sister compared with the prevalice Same age group in the study population, simply because of
in the sister population. The teriy is the increase in risk the relatedness of sisters to a selected group (probands) with
of a daughter who has an affected mother relative to tiégher risks of CF. ThusK, can be viewed as an upper
population prevalence in the daughters. The recurrence rigk@undary of the estimate d€. Importantly, it should be
and the relative risks and their SEs can be estimated by tpeinted out that analytically by the definitionsxf, A5, and
maximum likelihood estimation developed in Appendix 1) (in the subsection of Definition and statistical analyses in
which should be of general use for characterizing genefiége Materials and Methods section and in Appendix 1),
determination of complex diseases. using K; or K, to substitute forK in the estimation will
Although recurrence Kg) and relative fg) risks are result in downward bias of the estimation of the taeand
direct measures of the degree of genetic determination &f values. Therefore, the estimated genetic parameters
complex diseasé$? genetic variances and heritabilitg¥) ~ given below should be viewed as conservative estimates of
are more familiar indices of genetic determination for corthe lower limits of the true values.
tinuous quantitative traits such as BMD. In addition, com- The recurrence risk (the probability of having CF) for a
plex diseases may be modeled by continuously distributdgman is 0.084 (0.012) given that she has a sister who has
quantitative traits (liabilitie€€?) as threshold traits. There had CF K9 and 0.155 (0.017) if her mother has had CF
fore, to help to see the relationship between prevalencdo). The relative risk ofigis 1.885 (0.276) and, is 1.312
(K’s) in different groupsKr, A, and the genetic variances(0.145), both significantly greater than 1.0, indicating sig-
andh? we derived the relationship among them and devehificant genetic determination in the occurrence of CF.
oped a maximum likelihood estimation of additive,f) Roughly speaking, a5 value of 1.885 indicates that the risk
and dominant,?) genetic variances artif (Appendix 2) of CF for a woman with an affected sister is more than twice
and estimated,?, o2, andh? (Table 3). that of a random woman of similar age in the population. A
To compare bone mass in women with and without CRo value of 1.312 indicates that the risk of CF for a woman
we conducted multiple regression with bone mass aswith an affected mother is about one and one-half times that
dependent variable and age and weight as independéh@ random woman of similar age in the population.
variables. The results are summarized in Table 4. We thenWhen converted to the familiar index of genetic determi-
used these multiple regression results to adjust bone m&géion for continuous quantitative traits, the additive genetic
for age and weight, which ensures that the differences wariance ¢, of CF is 0.0108 (0.0025) and the dominant
bone mass between women with and without CF will not bgenetic varianced,?) is —0.0029 (0.0058). Thus, the,?
confounded by important covariates of age and wefght. is significant andry? is not statistically different from zero.
The variances of adjusted bone mass data in women witherefore, the genetic variance of CF is largely the heritable
and without CF were compared by F tests for homogeneityomponent,®. The narrow-sense heritability{) of CF is
Then the differences of the means of adjusted bone mdsg54 (0.118), which indicates tha25% of the variation of
data were tested by appropriatéests. The results arethe occurrence of CF is determined genetically.
summarized in Table 5. The differences of the standard ZAge and weight had highly significant effects on BMD
scores at spine and femoral neck between groups of wonddigble 4), as is well recognized. Importantly, BMD of spine,
with and without CF also were tested. The Z score denoté&mnoral neck and wrist, and the total body bone mass were
BMD in units of SDs above or below the mean of a healthgll significantly higher in women without CF than women
ethnic-, age-, and gender-matched referent population. With CF. The same conclusion held for the Z scores at spine
and femoral neck. All the tests remained significant even
after the multiple comparison was accounted for.
RESULTS

The prevalences of CF are, respectively, 11.8%SE DISCUSSION

0.7%) in the probandsK(;), 4.4% (0.3%) in sisters of the

probands K,), and 14.6% (0.7%) in mothers of the pro To our knowledge, this study is the first that provides

bands K3). The higher prevalence of CF in the motherslirect evidence for the magnitude of the genetic determina-
reflects the age dependence of the incidence of CF. Wiibn of CF—a common type of OF. Our results unambigu-

increasing age, the incidence of CF increases dramaticatlysly indicate that there is a strong and moderately high
until a plateau is reached ai60 years of ag€” The higher degree of genetic determination of CF in white women. In
prevalence of CF in the probands,( than in their sisters addition, women without CF had significantly higher bone
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TABLE 4. RESULTS OF MULTIPLE REGRESSIONANALYSES

Intercept Age Weight (kg) Adj.2R

Spine BMD (g/cm) 0.8593 —0.0038 0.0042 0.22
[2417]

Femoral neck BMD (g/crf) 0.7240 —0.0044 0.0032 0.34
[1302]

Distal radius BMD (g/cr) 0.7880 —0.0057 0.0026 0.42
[552]

Total body BMC (g) 1783.1 -18.4 19.0 0.56
[392]

The numbers reported in this table are the partial regression coefficients, which are all signifieant001 level. The numbers
within brackets are the sample sizes in multiple regression analyses.

TaBLE 5. BoNE MAss IN WoMEN WIiTH AND WiTHouT CF

Spine BMD Total body Distal radius Femoral neck Zavo Zavp
(g/cnd) BMC (g) BMD (g/cn?) DMD (g/cnt) spine femur neck
Women with CF 0.82 1600.6 0.52 0.59 -0.12 -0.84
(0.14) (339.7) (0.08) (0.10) (1.26) (0.96)
[233] [50] [67] [107] [233] [107]
Women without CF 0.91 1938.0 0.61 0.67 0.41 -0.41
(0.17) (463.0) (0.12) (0.12) (1.49) (1.11)
[1528] [272] [379] [904] [1528] [904]
p 1.43E-11 0.0008 2.47E-05 2.26E-05 8.45E-09 4.28E-05

The numbers given are means, associated SDs (numbers within parentheses), and the sample sizes (numbers within brackets) for
computing the mean and SDs. Tphés thep value associated with respectiisests for the differences between women with and without
CF.

mass than those with CF. The approximationkoby K, Prevention of OF is one central objective of bone studies.
(~4.4%) for CF in womern~65 years of age in our study Genetic studies of bone largely have been confined to BMD.
population, although upwardly biased, is within the range dthis is because BMD is an important risk factor for
those estimates ~(2-18%) obtained in different OF **'and BMD is relatively easy to measuré How-
populationg?8-3444=46)pgpylation variation in the preva ever, genetics studies of OF are essential for the following
lence of OF has been well recognized before (e.g., see Retsasons:

28-34).

Our direct evidence of genetic determination of OF i§l) BMD is not the only important risk factor for OF. Many
consistent with several lines of earlier indirect evidence. other identified and/or unidentified intrinsic factors also
First, there is racial difference in the incidence of are important®~>*°°-5® Many of these are under
OF 74748 This racial difference is shown to be at least strong genetic contrét®~>? Importantly, genes under

partially related to the vitamin receptor D genoty{§&s. lying different risk factors are not all the same as
Second, within populations, COL1A1 gene polymorphisms reflected by the_ _IOW genetic correlauqn between
are shown to be markers of vertebral fracture fSkwith them™**® In addition, many important risk factors

the Ssand ss genotypes incurring a relative risk of 2.97.  may not yet have been identified, because no combina-
Third, family history is a strong predictor of risk of  tion of the known risk factors can predict lifetime OF
OF #1753 particularly, the genetic determination of CF is  risk with high confidenc&'->%

consistent with the recent results suggesting sevef@) Measurements of BMD by current techniques may not
genomic regions underlying forearm BMD variatiGf, an be precise. For example, BMD often is measured by
important risk factor for CE”) The estimates foK,, K, DXA, a projectional technique based on the two-
Ao, and A, have direct practical application for genetic  dimensional projection of a three-dimensional structure.
counseling on the risks of CF for women who have sisters The values are expressed as bone content per unit area
or mothers with CF. For example, the values\gf(1.312) (g/cn) of the projected image of the region of interest
and A, (1.885) clearly indicate that a woman with an af ~ (ROI), which is only an approximation of the volumet-
fected sister or mother is predisposed genetically to an ric density. Correction factors for this are subject to
elevated risk of CF and should take preventive intervention error®°=®® because there is no closed formula that
for CF. defines the size of the vertebrae or the femur. Impor-
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tantly, DXA values are influenced by variation in thehow many, it is most likely that the majority of our CF cases
composition of soft tissues in the beam path of the ROare caused by low trauma as suggested by the significant
Inhomogeneous fat distribution in soft tissues consistiifference of bone mass found between women with CF and
ing of only 2 cm variation in the fat layer around thethose without CF in our sample. Inclusion of CF cases that
bone will influence DXA measurements by as much asre caused by accidental high trauma generally will reduce
10%©¥ the chance to detect the difference of bone mass between
(3) Because of pleiotropic effects (i.e., the same gene cagomen with and without CF and decrease the magnitude of
trols multiple risk factors) that are common for compleXyenetic determination estimated, simply because of the ran-
traits*? alleles conferring high BMD may adverselydomness of accidents. Therefore, inadvertent inclusion of
affect other important aspects of bone and thus confeir cases caused by accidental high trauma will render our
lower resistance to OF. It has been shown that a gengktimation of genetic determination of CF even more con-
ically homogeneous inbred mouse strain has highggatively lower than true values. CF probably has less of
bone mass but smaller bone size and is less sensitive;ifg|ationship to BMD than other typical OFs at spine and
adapting to mechanical loading to increase stlffn.ess Rfp and genes for various types of OF may not all be the
bone Stre".gte@) W.he.n compared with a”°‘hef inbr me. However, consistent with the few earlier stutfigs?
mouse strai? S|m|lgrly, low BMD but more highly our data clearly show that CF is a strong indicator of the
gg?g:neigafgltﬁ%eThf';’:(ljs tsﬁgufizu?%yae%w:rcﬁsﬁofq?nderlying low bone mass at all the skeletal sites examined.
OF (66) 9 0Irhus, systematic molecular genetic studies such as a whole
’ genome scan for genes underlying CF will have a scope

Therefore, in addition to our effort to search for geneBroad enough to identify genes for non-BMD as well as
underlying individual risk factors such as bone mass, e@MD factors important in determining OF risk. Searching
tensive efforts should be initiated to search for genes ufr genes underlying the risk of CF also should be important
derlying OF through studying OF per se and to investigafer prevention of osteoporosis and other types of OF. This
the relevance and the importance to OF of the genes #&because CF is predictive of subsequent OF of other types
vealed for individual risk factors. Searching for genes ur@nd the underlying osteoporo$#:*® It should be noted
derlying OF per se will assure that the genes discovered &f@t the genetic parameters obtained in this study have not
important for the susceptibility to OF. been adjusted for many known nongenetic factors. The
The moderately high genetic determination of CF indinfluence of nongenetic factors on the incidence of CF can
cates that searching for genes underlying CF is likely to tee adjusted by employing techniques such as multiple lo-
fruitful and, certainly, such effort should be warranted. Thgistic regression. Although the dependence of incidence of
parameters involved in determining the likelihood of succF on age is coarsely accounted for by adjusting for various
cess of gene search are relative risk} for dichotomous K's in daughters and mothers, more accurate adjustment is
complex diseases andh”® for continuous quantitative possible by logistic regression if specific ages of most study
traits#2°7~" Generally, for quantitative trait (such assubjects were known. Adjusting significant nongenetic fac-
BMD), discovering a genetic locus responsible for morgrs can effectively control for the nongenetic causes in the
than 15% of phenotypic variation (i.e., the due to this incidence of CF and thus generally increase the apparent
locus is greater than 0.15) is well within our current techimportance of major genes and the likelihood to detect them
nical and analytical capabiliti¢8?~"For complex diseases jn genetic studie€*7?
(such as OF), alocus that confers a relative riskoF 1.6 Although commonly employed as the parameters to
also is well accomplishab€’'"> To provide an intuitive model dichotomous complex traits and to compute statisti-
comparison, we converted the standard measures (relai power for search of genes underlying complex diseases,
and recurrence risks) of genetic determ!r)atml)n of complgye estimation 0Ko, K Ao, andA, has been rare for many
dichotomous diseases to the more familiar |qdh?() (for disease traits. Particularly, although the definitions of these
continuous quantitative tlralts. The relative risk is 1.311. - eters are simple, their estimation is not trivial in
(0.145;1,) for a woman with an affected mother and 1.88% 5 jce with complex family structure. The maximum like-
(0.276; Ay for azwoman with an affected S'St.er’. WhIChIihood method developed here can estimate not only the
correspond to ah“ of 0.254 (0.118). Therefore, in light of eans but also the variances of g Ky, Ao, Ay, 042 02,

both types of these measures, the prospect of searching RGh2 of complex diseases. The method is general and can

genes underlymg the risk for CF IS_optimistic. This She applied directly or extended to characterize genetic de-
especially true given that these estimates are the lower

limits of the corresponding true trues (concordance) t%rmmatlon of any complex disease based on nuclear fam-
indicated in the Results. Of course, the likelihood of succe €s.

also depends on the genetic determination attributable to

individual major genetic loci. However, genetic determina-

tion caused by individual major genetic loci will not be ACKNOWLEDGMENTS
known before extensive and systematic molecular genetic
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APPENDIX 1. ESTIMATION OF THE

RECURRENCE AND RELATIVE RISKS BY

MAXIMUM LIKELIHOOD

Recall that from the text, the numerical value of 1 indi-

and anthropometric correlates of bone mineral acquisition Bates that an individual is affected with CF and 0 indicates
healthy adolescent girls. J Clin Endocrinol Me#$1332-1339. that she is unaffected. The ternks, K,, and K, are,
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respectively, the prevalence of CF in the probands, the
sisters of the probands, and the mothers of the probands.

Mathematically,
K, = Pr(proband= 1),
K, = Pr(sister= 1),

K3 = Pr{mother= 1),

where Pr indicate a probability. Also defined in the text are

K = Pr(sister= 1|proband= 1),
Ko = Pr(proband= 1|mother= 1),
Ao = Ko/Ky,
and
As = KJKo.

For Ay, we have

Ao = KoK,
= Pr(proband= 1|mother= 1)/Pr(proband= 1)

B Pr(proband= 1, mother= 1)
" Pr(proband= 1) = Pr(mother= 1)

_ Pr(mother= 1|proband= 1) * Pr(proband= 1)
B Pr(proband= 1) * Pr(mother= 1)

= Pr(mother= 1|proband= 1)/K,

1251
K~ Ky K
1-K, °
Pr(sister= O|proband= 0)
= 1 — Pr(sister= 1|proband= 0) = 1
Ky = Ky * KpAg
 1-K,
Similarly,
Pr(mother= 1|proband= 1) = K{ = K3\,
Pr(mother= 0|proband= 1) = 1 — K3\,
K3 - Kl * K3)\0
Pr(mother= 1|proband=0) = ———————,
1 - Kl
Ks — Ky # Kakg
Pr(mother= O|proband= 0) = 1 — K
1

Let| be an index variable, so that= 0 indicates that
a mother is unaffected arid= 1 indicates that the mother
is affected with CF. Then, the probability that in thih
family, the proband is affected, hey sisters are affected
andm; sisters are unaffected is

Chsm™MAK)™ML = AK)™AK3)"(1 — AgK) ",

whereC,, , ,,"" is the number of various combinations of
choosingm; Iindividuals out of the total of i, + n;)
individuals. The probability that in thgh family, the pro-
band is not affected, hex sisters are affected, amd sisters
are unaffected is

= Ky/Ks,
c m( Kz — KlKZ)\s) n'( B Kz — K1K2)\s) m
whereKy = Pr(mother= 1|proband= 1). Therefore, for ~"*™ 1-K, 1-K,
computational convenience, we will computgvia Ko/K. Ko — KK\ Ko — KK\ 1o
For any subject in the sample, she is either a proband or ( 8 s 0) < _ 8 1hs 0) _
a sister of a proband or a mother of a proband; furthermore, 1-K, 1-K,

she is either affected or unaffected with CF. Therefore, o )
conditional on the CF status of a proband, we can eXpressTherefore, the likelihoodl() of the data is the product of

various CF status of her sister or mother using the paratfi€se probabilities across the families of the 2396 probands.
eters defined earlier as Given our data as indicated in Table 1, we have

L= C(/\us)gz(l - A5K2)341(/\0K3)56(1 - )\0K3)237
(Kz - K1K2A5> “7( Ko K1K2A5> 2%

Pr(sister= 1|proband= 1) = K¢ = K\,

Pr(sister= O|proband= 1) = 1 — Ky =1 — KA,

1-K, 1-K,
) Pr(sister= 1, proband= 0) Ks — KiK3hg\ Ks — KiKghg\ ™
Pr(sister= 1|proband= 0) = Pr{proband= 0) T1-K, TTiok, ) (1)

B Pr(sister= 1) — Pr(sister= 1, proband= 1)
N 1 — Pr(proband= 1)

whereC is a constant for the product of the coefficients, in
which the magnitude is not important in the maximum
. . . likelihood estimation. Given tha,, K,, and K3 can be
Pr(sister= 1) — Pr(p”?ba”f‘ 1) band= easily estimated from Table 1, the maximum likelihood
_ #Pr(sister= 1[proband=1)  gogtimates o, and\, and their variance can be obtained by
1-K, standard methods via the first and second derivatives of the
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likelihood functionL with respect to\; and A,.("® Briefly, ~ Similarly, the covariance between proband and her sister
the maximum likelihood estimates of, and A, are the (S) is
values that simultaneously satisfy the equations

Cov (P, S) = KiKy(As— 1).

oL
=0
s o o
From the principles of quantitative genetf¢8, we know
and that
L, Cov (P, M) = 0,212
Py

wherealL /o, indicates the first partial derivative afwith and

respect to\,, anddL/d\, is similarly defined. The variance

of A is the value of—1/{[a%Ln(L)]/0A%} evaluated at the Cov(P, S) = 0,22 + op¥4.
maximum likelihood estimates of, and A,. A similar
approach can be adopted to write the likelihood of the who
data as functions oK and K, to obtain the maximum
likelihood estimates and the associated SD& gand K,

%
erefore, we have

0'A2 = 2K\K5(Ao— 1) (1a)
APPENDIX 2. ESTIMATION OF THE .
ADDITIVE ( 0,2, DOMINANT ( o2 GENETIC  &"
VARIANCE, AND NARROW-SENSE , ,
HERITABILITY ( h?) OF CF op’ = AKK (A — 1) — 20,4 (1b)

Genetic variances of CF can be estimated by using thé€ narrow-sense heritabilih) is defined'® as
observed recurrence or relative risks and population prevalence
of diseases for different sets of relativ&s’*">However, the 3
basic method developed by these authors does not allow for the o
different prevalence of CF in different groups. Therefore, we

generalize their method to accommodate the situation of difere .2 is the phenotypic variance of CF, which can be

ferent prevalence of CF in different groups, which is a practicghtained for different groups by the prevalen& of that
situation in studies of diseases for which the occurrence of thg,yp:
diseases differ in different age or sex groups. Thus, our exten-
sion here should be of some general utility.

Let P denote the status of CF for the proband daughter
andM for the mother of the proband. Again, we use 1 tg . . .
denote the affected status and O for the unaffected statigerefore, in the sisters of the proband, tifefor CF is

BecauseP® andM are 0-1 indicator variable® + M = 0

o = K * (1 — K).

unlessP = M = 1; hence, the covariance of the occur- , 2KiKs(Ao— 1) 9
rence of CF in the proband daughter and her mother is TOK(1-Ky) &)
Cov (P, M) = E(PM) — E(P) * E(M) In the likelihood function [Eq. (1) in Appendix 1], if we
substituter, with h? using the above relationship, the max
=PP=1,M=1) - Pr(P=1) * PM = 1) imum likelihood estimate and its variance fof can be
obtained by standard means as outlined in the Appendix 1.
=Pr(P = 1M =1) * PrM = 1) — KiK, To obtain the maximum likelihood estimates @f?, op?,

and their variances, the same procedure can be adopted to
substituter, andA, with o,% andop? [using the relationship
of Egs. (1a) and (1b)] into the likelihood function [Eq. (1) of

= KK — KiKs = KiK5(Ao — 1).  Appendix 1].

= KoK3 = KiK3



