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Summary much excess sharing is considered to be significant evi-
dence of linkage. Feingold (1993), Lander and Kruglyak

In this paper, we address some of the statistical issues (1995), and others have discussed a correction for link-
concerning false-positive rates that arise when the whole age statistics that adjusts false-positive probabilities for
genome, or a portion thereof, is scanned in distantly the large number of comparisons that are made when a
related individuals, to search for a disease locus. We sizable portion of the genome is scanned. However, one
derive a method for correcting false-positive probabili- possible drawback of these methods is that close rela-
ties for the large number of comparisons that are per- tives, on average, share relatively large areas of the ge-
formed when scanning a large portion of the genome. nome. This means that many pairs may be required, to
We consider both the idealized situation of a dense set

localize the gene to a reasonably small area.
of fully informative markers and the more realistic data-

Linkage-disequilibrium mapping is a technique thatcollection strategy of an initial scan at low resolution
can result in a finer specification of the locus of a disease-to identify promising areas, which then are typed with
causing allele. One approach is to apply this techniquemarkers at high resolution. We also examine the accu-
in a population that has grown in isolation since it wasracy of false-positive rates approximated using a conser-
founded. It is assumed that most of the disease chromo-vative estimate of the separation distance between af-
somes in the current generation are descended from anfected individuals in the current generation and the
ancestral chromosome in the founding generation, socommon ancestral couple. Calculation of false-positive
that, in the immediate vicinity of a disease locus, a dis-rates when inbreeding is present in the pedigree also is
tinctive haplotype should be observed. Ideally, enoughconsidered.
time, or generations, will have passed so that the shared
region will be small enough to allow tight specification
of the gene locus, but the mutation will be recent enoughIntroduction
so that linkage equilibrium with the surrounding alleles

One standard strategy for detection of genetic linkage has not yet been reached. This technique typically is
in humans involves the searching of the genomes of pairs used for fine mapping, once the gene has been localized
of affected relatives for areas that they share identical to a region of a particular chromosome, and the associa-
by descent (IBD) or identical by state (IBS). The idea is tion of a disease locus with several markers or haplo-
that if affected pairs show greater-than-expected genetic types in the vicinity is considered (Jorde 1995). In some
agreement at a marker or over a continuous segment, studies that were undertaken in Finland, for example,
then that region may have a high probability of con- it was assumed that the population was founded 100
taining the trait locus (e.g., see Haseman and Elston generations ago (Hästbacka et al. 1992; Lehesjoki et al.
1972; Weeks and Lange 1988; Feingold et al. 1993; 1993). Thus, the extent of linkage disequilibrium (or the
Kruglyak et al. 1996). The fact that the relationship IBD region) between the disease locus and the sur-
between the two individuals is known facilitates the de- rounding markers is small, probably õ1 cM. A full ge-
termination both of expected genetic sharing and of how nome scan to detect a region of this size would require

extremely dense genetic maps for each chromosome,
making the number of markers required to localize the
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831Durham and Feingold: Genome Scanning in Distant Relatives

als share a relationship that is more distant than that False-Positive Probability Calculations for an
Approximate Pedigree Structureusually considered for extended families (i.e., cousins,

grandparents, etc.) but closer than that for individuals The false-positive rate (or P value) that we wish to
from an older population, such as in Finland. The as- calculate is the probability that i or more of N chromo-
sumption is that most of the disease chromosomes in the somes from affected individuals are IBD at some point
current population are IBD to a single founder mutation on the genome, where i is the maximum number sharing
present in an earlier generation. Because the founding that has been observed over the genome. The probability
chromosome existed in the not-so-distant past, individu- is calculated under the null hypothesis that there is no
als in the current population still will share fairly large genetic locus for the trait. We initially consider the case
areas IBD. However, these areas will be smaller than in which virtually continuous IBD information is avail-
those in individuals who usually are considered to be able, such as from a scan using densely spaced, highly
relatives, so that the sample size required to narrow the polymorphic markers (Feingold et al. 1993; Guo 1995;
trait region, with reasonable probability, will be small. Kruglyak and Lander 1995). We then consider a two-
In general, the pedigree structure may not be known stage search strategy, for which an initial sparse scan
exactly, but, to calculate false-positive probabilities, it is followed by a more exhaustive search of promising
must be possible to at least approximate the number of regions. We assume that the exact pedigree structure
generations between the probands and their common connecting the individuals under study is unknown and,
ancestor(s). therefore, is approximated by a simple pedigree, as was

An example in which this mapping strategy was applied used in the study by Houwen et al. (1994).
appears in the study by Houwen et al. (1994). The authors

Approximate Pedigree Structuresperformed a genomewide scan for shared IBD segments,
to search for a locus associated with benign recurrent intra- It is useful to divert our thinking somewhat from the

human pedigree structure and to focus on the pedigreehepatic cholestasis (BRIC), a recessive disorder. Using three
affected individuals, they mapped the BRIC gene to a 20- of relevant chromosomes (Donnelly 1983). In this

framework, individuals in a pedigree are represented bycM region on chromosome 18. Since the complete pedigree
was not available, they estimated that these individuals, two chromosomes if they are bilineally related to the

founding couple and by one chromosome if they areall of whom were born from consanguineous relationships,
were separated from a common ancestor by 6–10 genera- unilineally related. The chromosome pedigrees that we

consider here appear to be most similar to that of Don-tions. These patients were identified to be from a fishing
community of several thousand people in the Netherlands, nelly’s (1983) cousin-type relationship, but we are inter-

ested in the relationship among several descendants.in which ‘‘most of its members descend from individuals
who lived in the vicinity by the 17th century’’ (Houwen In the article by Houwen et al. (1994), the exact rela-

tionships among the individuals selected from the pres-et al. 1994, p. 381). Houwen et al. (1994) used an initial
scan of 256 microsatellite markers spaced at Ç10–20-cM ent population, on the basis of their disease status, were

unknown. However, to approximate probabilities, aintervals, covering Ç90% of the autosomal genome. They
observed the number of individuals matching on all pairs conservative pedigree structure was assessed on the basis

of the likely number of meioses separating the affectedof consecutive markers, and the segments exhibiting excess
sharing then were typed with more markers, to distinguish individuals from a single ancestral couple. Also,

Houwen et al. (1994) calculated false-positive probabili-those IBD from those IBS.
This article addresses some of the statistical issues that ties by treating each line of descent as independent from

the others, implying that the individuals share no inter-arise in studies for which the whole genome, or a portion
thereof, is scanned in distantly related individuals, to mediate ancestors.

In our calculations, we use the approximate pedigreesearch for a disease locus. We assume that the exact
pedigree structure may be unknown but that some char- structure used by Houwen et al. (1994). Figure 1A dis-

plays the pedigree for a dominant disease, for which fouracteristic, such as the distance to common ancestors,
can be estimated. In the first part of the article, we pre- chromosomes are separated from the common ancestral

couple, by four meioses. Figure 1B shows the pedigreesent methods for calculating false-positive probabilities.
The second part of the article examines the possible for a recessive disease, for which four chromosomes are

separated from the common ancestral couple, by fourerror introduced by approximation of an unknown pedi-
gree with a pedigree based on a conservative estimate meioses. This is similar to the pedigree approximation

used by Houwen et al. (1994), except that, in their study,of the separation distance between the affected individu-
als in the current generation and the common ancestral six chromosomes in three affected individuals were con-

sidered. Note that, without loss of generality, we cancouple. We also consider a method for calculating false-
positive rates when there is inbreeding in the pedigree represent all members of the pedigree as the same sex,

except when matings are implied.(or in the population).
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on the total number of meioses separating the individu-
als.

Of course, for an area of the genome to be considered
as a candidate region for a particular gene locus, espe-
cially for a complex trait, it is not necessary that all
individuals be IBD at that region. The strategy adopted
by Thomas et al. (1994) was to classify as a sporadic
case an individual who did not match the others, to
remove this person from the pedigree under consider-
ation, and to recalculate the probabilities. Houwen et
al. (1994) approximated false-positive probabilities for
subsets of individuals matching, using the initial spacing

Figure 1 A, Chromosome pedigree for four chromosomes for a between markers. To approximately correct for multiple
dominant disease, with a separation distance of four meioses. Black-

testing, the probabilities of false positives were addedened circles represent affected individuals. B, Chromosome pedigree
for all segments typed throughout the genome.for four chromosomes for a recessive disease, with a separation dis-

tance of four meioses. Blackened circles represent affected individuals. Our method, based on Donnelly’s (1983) ideas,
allows us to approximate the probability that i or more
of N chromosomes from affected individuals are IBD
somewhere on the genome. This is done by applicationFor a dominant disease, if the separation distance
of the Poisson clumping heuristic (Aldous 1989). Thefrom the ancestral couple is approximated as m meioses,
idea is that some events, such as the maxima or minimathe actual pedigree structure is approximated by the rep-
of certain processes, can be modeled as sparse clumpsresentation of (m 0 1)th cousins. For a recessive disease,
randomly scattered over an area, with their positionshowever, as was the case in the study by Houwen et al.
determined by a Poisson process. In this case, we are(1994), IBD matching on chromosomes within the same
interested in the probabilities of rare excursions of theindividual necessitates that the affected individuals be
process that models the number of chromosomes match-bilineally related to the ancestral couple. If the first in-
ing as a function of the crossovers along the genome.bred individuals occur in this last generation, this should
Feingold (1993) used these ideas to approximate false-not affect the probability calculations, since the compar-
positive probabilities for linkage analysis, using pairs ofison of all chromosomes for individuals with a recessive
affected relatives.trait is equivalent to the comparison of single chromo-

We define Xt to be the number of N chromosomessomes in individuals affected by a dominant trait (see
matching an ancestral chromosome IBD at a point tDiscussion).
along the genome. A false-positive rate based on a

False-Positive Probabilities for a Dense Scan threshold i can be approximated as
To approximate false-positive probabilities for a chro-

mosome pedigree like those described above, we use a É 4 1 P[max
0£t£L

(Xt) £ i] ,
ideas from Donnelly’s (1983) model and results from
the Poisson clumping heuristic (Aldous 1989). Donnelly

where L is the length of the genome and where the
(1983) used a random walk on a hypercube model to

probability is calculated with the assumption that there
represent all meioses connecting two relatives. He used

is no trait locus. We multiply the probability of matching
this model to compute the probability that two individu-

for a single ancestral chromosome by 4 because there
als with a given relationship share any genetic material

generally is a common ancestral couple, resulting in four
IBD, when continuous information is available. (See Ap-

opportunities for sharing by chance. This factor of 4 is
pendix A for more background details. For other appli-

approximate but is reasonable for a large i, since the
cations of Donnelly’s hypercube model, see the studies

probability of exceeding i somewhere in the scan for
by Guo 1995 and Bickeböller and Thompson 1996.)

two or more ancestral chromosomes is small.
Related work also was done by Thomas et al. (1994),

We approximate the probability by assuming that the
who used a slightly different approach to calculate the

time Ti it takes until the process first reaches the level i
probability that relatives in a pedigree of arbitrary size

is distributed exponentially (this exponential approxi-
all share some genetic material IBD along a continuous

mation has a long history in the probability and the
genome scan. They define a random variable S, which

engineering literature; see Aldous 1989). Then, the false-
represents the number of segments where all individuals

positive rate is
are IBD, and a false-positive probability is given by P(S
ú 0). A useful feature of their results is that they also

a É 4 1 P[max
0£t£L

(Xt) § i] Å 4 1 P(Ti £ L) .
did not depend on the exact pedigree structure but only
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The idea behind these methods is that if excursions of tion (Lander and Kruglyak 1995). Whereas the initial
scan indicates areas where the individuals share com-the process Xt above i are approximately a Poisson pro-

cess, then the mean time between excursions should be mon alleles, the second stage of typing should reveal
whether the identity is by state or by descent, as was[p(i)]01, where p is the stationary distribution of Xt. The

approximation also involves the expected clump size, done in the study by Houwen et al. (1994). Thus, alleles
that are IBS in the initial scan will increase the numberECi, which is the expected number of visits to i within

an excursion to that level. of areas indicated for follow-up but otherwise should
not interfere with the gene localization.By use of Aldous’ (1989) Poisson clumping heuristic,

the false-positive rate is approximated by False-positive rates calculated on the basis of sparse
scanning inherently are functions of the marker spacing
used: for a given observed maximum number of chromo-

a É 4 1 P(Ti £ L) É 4�1 0 exp�0L
p(i)
ECi

�� . somes IBD, the farther apart the markers, the smaller
the P value. Figure 2 shows an example of the possible
relationship between continuous information and thatWe use ideas from Donnelly’s (1983) model for chromo-
from an initial sparse scan, when markers are spacedsome pedigrees to derive the expression for ECi. These
every 10 cM. The height of the graph represents theresults and the derivation of p(i) appear in Appendix A.
number of chromosomes matching IBD along a continu-By use of equations (A1) and (A2), in Appendix A, for
ous scan, and the arrowheads indicate locations whereECi and p(i), respectively, the false-positive rate a is
marker data are observed. If a maximum number IBDapproximated by
of i is found in a dense scan, it is known that this is the
true maximum, and the P value is calculated accord-
ingly. However, seeing i matching is a more rare event
in a sparse scan, and it is likely that the maximum ofP(Ti £ L) É 4 1 0 exp

0L�N

i
�� 1

2m�i�1 0 1
2m�N0i

lm(i2m 0 N)

2m 0 1
,

the continuous process was missed. The only argument
that could be made for reporting of the sparse-scan P(1)
values would be in the case for which the investigator
did no further typing after the initial scan, but, in prac-where l is the average rate of crossovers per genetic
tice, this is rarely the case. Interesting areas almost al-length, for a single meiosis (l Å 1 for L measured in
ways are examined in a subsequent, more focusedmorgans, and l Å .01 for L measured in centimorgans).
search.The approximation should hold for any N and for values

Once areas in the second stage of the analysis haveof i large enough so that P(Ti £ L) is fairly small.
been covered by a dense marker map, the appropriateNote that an alternative form of this approximation
probabilities of false positives should be calculated as ifhas the factor of 4 in the exponent instead of outside
a dense genome scan had been conducted. We advocatethe rest of the expression. That form should be more

accurate for small i (larger P[Ti £ L]). For large i, the
two forms give virtually the same probabilities.

Table 1
Accuracy of the Approximation

Comparison of False-Positive Probabilities Approximated by Use ofAs an example, we considered the case with a separa- Equation (1) with Empirical False-Positive Probabilities from
tion distance of six meioses, as in the Houwen et al. Simulations
(1994) approximate pedigree. Table 1 compares our ap-

aproximation from equation (1) with simulated probabil-
ities using a genome length of L Å 33 M. The simulation

From From NO. OFmethods are described in Appendix B. The simulation N i Equation (1) Simulations SIMULATIONS
results indicate that use of the approximation is reason-
able, to estimate the probabilities associated with larger 2 .9866 .8758

3 1 1 106

3 .0091 .0077numbers of chromosomes matching IBD in approximate
3 .0353 .0331pedigree structures. 4 1 1 106

4 .0002 .0002
3 .0860 .0792Two-Stage Scanning

5 4 .0009 .0009 1 1 107

An efficient strategy for scanning the chromosomes 5 3.7 1 1006 4.8 1 1006

3 .1666 .1518of affected individuals involves typing markers along a
4 .0027 .0026sparse map, throughout the genome, and then following 6 1 1 108

5 2.2 1 1005 2.1 1 1005

up on promising areas from the initial scan with a dense
6 6.9 1 1008 8 1 1008

array of markers, to extract the full inheritance informa-
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individuals are known and for which a conservative esti-
mate of the separation distance from the common ances-
tral couple is used. Also in this approximation, the lines
of descent connecting the affected individuals in the cur-
rent generation to the ancestral couple are independent.

An important question is how accurately such ap-
proximations might reflect false-positive probabilities
for the true pedigree structure. One obvious difference
between the approximation and a realistic pedigree is
that if the minimum separation distance is used in the
approximation, then there will be some chromosomes
that are separated from the ancestral couple by a greater
number of meioses. This indicates that more meioses are
involved in the actual structure than in the approxima-Figure 2 Example of a continuous-matching process. The hori-

zontal axis indicates the length along a segment of the genome, and tion. On the other hand, it is likely that there are subsets
the vertical axis indicates how many chromosomes are matching the of affected individuals who share other ancestors more
ancestral chromosome. The arrowheads point to the numbers ob- closely than they share the ancestral couple, which indi-
served to be matching along a 10-cM marker map. ‘‘D’’ indicates the

cates that fewer meioses are involved in the actual struc-disease locus.
ture than in the approximation. Our goal is to determine
what effect this overestimation and underestimation,
with respect to different parts of the actual pedigree, has

the reporting of false-positive rates only in terms of on false-positive probabilities.
dense scanning, for the following reasons. When a hier- This question is difficult to answer in full generality,
archical scan is performed, the areas that would indicate but we can compare the false-positive rates for a large
false-positive results from the continuous chromosome extended pedigree with known relationships to those
almost invariably are included as areas for follow-up in from an approximation with a conservative estimate of
the secondary dense search (Lander and Kruglyak the number of meioses separating affecteds from their
1995). This means that the probabilities of observation common ancestor. We considered the extended pedigree
of large numbers matching are essentially the same from the study by Thomas et al. (1994) (hereafter called
whether a hierarchical scan or a complete dense scan is ‘‘the Thomas pedigree’’), which connected six cases of
used. The two-stage strategy can be thought of as an colorectal cancer to an ancestral couple (note that we
efficient way to approximately scan the entire genome, considered only one individual from the youngest sib-
since the interesting areas can be focused on without ship in lineage 1) (fig. 3A ). We approximated this pedi-
having to look at every marker. Another appealing fea- gree with one in which six chromosomes are separated
ture of P values calculated on the basis of dense scanning from the ancestral couple by 3 meioses, since this is the
is that they are the most conservative estimates. Thus, minimum separation represented in the actual pedigree
there is no correction, in terms of multiple-testing con- (fig. 3B). Note that this adds extra meioses to the pedi-
siderations, for the inclusion of as many regions as possi- gree, in terms of the first-generation sibship, but under-
ble from the initial scan in the second stage of dense estimates meioses with respect to separation from the
marker typing, if the conservative corrections for dense founders, since the greatest separation is 5 meioses. In
data are used at the second stage. this case, the total number of meioses in the exact and

the approximate pedigree structures are the same (18
The Effect of Pedigree Approximation on False- meioses).
Positive Rates Table 2 compares results from our approximation for

continuous IBD information with those from simula-In this section, we consider implications for the re-
tions based on variations of the Thomas-pedigree struc-sulting false-positive probabilities of estimating an ac-
ture. The simulation methods are described in Appendixtual pedigree with an approximate structure and what
B. In addition to the approximation to the actual struc-effect inbreeding within the pedigree has on these esti-
ture described above, we also considered the Thomasmates.
pedigree with one extra meiosis added to each lineage,

Comparison of Probabilities from Approximate and so that the minimum separation distance was 4 meioses.
Exact Pedigrees We approximated this pedigree with one in which six

chromosomes are separated from the ancestral coupleThe probabilities in table 1 are based on the approxi-
mate pedigree structure used by Houwen et al. (1994), by 4 meioses, so that, again, the total number of meioses

in the exact and the approximate pedigree structuresdescribed earlier, for which not all relationships among
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Figure 3 A, Thomas pedigree, including only one individual from the sibship at lineage 1. Blackened circles represent affected individuals.
B, Approximate pedigree based on the minimum separation from the ancestral couple. Blackened circles represent affected individuals.

was the same (24 meioses). For both of these cases, the from two different lines, to demonstrate that the probabili-
ties do not depend significantly on which lineage wasapproximation results were fairly close to the simulated

results based on the actual pedigree. changed. The results indicate that false-positive probabili-
ties from the approximation will be too large if the approx-We then considered the case in which the approximation

and the actual structure have a different total number of imation underestimates the total number of meioses in
the actual pedigree and too small if the approximationmeioses. To do this, we performed simulations based on

pedigrees almost identical to the Thomas pedigree and to overestimates the total meioses.
We also considered whether the best approximation al-the variation described above but with one more or one

less meiosis. For example, in the actual Thomas pedigree, ways would be achieved by using the minimum separation
represented in the actual pedigree. Consider the Thomasaddition of an extra meiosis to lineage 1 increases the

total number of meioses in the pedigree to 19, but the pedigree with an extra meiosis added to every line, except
to that of lineage 4. Thus, the minimum separation is stillapproximation structure based on the minimum separa-

tion in the pedigree does not change. The results in table 3 meioses, but the total number of actual meioses (i.e.,
23) is closer to that for the approximation in which six2 include those for the addition to and the subtraction

Table 2

Comparison of False-Positive Rates for Variations on the Thomas Pedigree

a, BASED ON THOMAS PEDIGREE

One Meiosis Deleted
One Meiosis Added to from

Approximation from Actual
i Equation (1) (m Å 3) Structure Lineage 1 Lineage 5 Lineage 1 Lineage 5

5 .2966 .2136 .1302 .1580 .3595 .3030
6 .0091 .0092 .0050 .0046 .0154 .0160

a, BASED ON THOMAS PEDIGREE WITH AN EXTRA MEIOSIS ADDED TO EACH LINEAGE

Approximation from
Equation (1) (m Å 4)

4 .3903 .2456 .1655 .2099 .3881 .3110
5 .0139 .0106 .0062 .0079 .0192 .0164
6 .0002 .0002 .0001 .0001 .0004 .0004

NOTE.—See figure 3A for an illustration of the Thomas pedigree.
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individuals are separated from the ancestral couple by four populations may be strongly inbred, and it is clear that
if intermediate ancestors also are bilineally related togenerations, giving 24 total meioses. Table 3 indicates that,

whereas use of the minimum separation as an approxima- the ancestral couple, then this will tend to increase the
amount of genetic material that those in the currenttion yields a conservative result, the approximation in

which the total number of meioses is one more than the generation share with the founding couple.
Consider an individual who is part of a pedigree inactual total results in a much closer estimate of the proba-

bilities for the real pedigree. which there are m meioses between him/her and the
common ancestors. If none of the intervening relativesIt appears that the best strategy for estimation of false-

positive rates that are as accurate as possible, while re- (besides the first-generation siblings) are bilineally re-
lated to the ancestral couple, then the probability thatmaining conservative, will depend on how much infor-

mation about the actual pedigree is available. If the exact a particular allele is inherited from one of the four chro-
mosomes is (1/2)m.relationships are unknown, it may be best to use a con-

servative estimate of m in equation (1), especially if it Now suppose that the affected individuals are each
related to the ancestral couple by d lines of descent.is not possible to estimate the total number of meioses

represented in the pedigree. Then, the probability that a particular allele is inherited
isIf the exact pedigree relating the individuals is avail-

able, there are several options for obtaining estimates
of false-positive rates. If a conservative value for m can P(allele inherited)
be chosen, yielding an approximate pedigree with a close
match to the total number of meioses in the actual pedi- Å ∑

d

jÅ1

P(passed through line j)
gree, then this value for m can be used in equation (1)
to yield a reasonably close approximation to the P value. 0 ∑

jõk

P(passed through lines j and k)
Another option for obtaining estimates of false-positive
probabilities is to perform simulations for the exact ped- / . . . / (01)d/1P(passed through all d lines) (2)
igree structure, as were generated here for the Thomas
pedigree, as outlined in Appendix B. However, it is im- £ ∑

d

jÅ1

P(passed through line j)
portant to note that these results represent a kind of
weighted average of the probabilities that different ac-
tual subsets of i chromosomes are matching IBD. For £ d

2m . (3)
example, the probability of a false positive for a subset
of i chromosomes for individuals who are more closely

The direction of the inequality assures that the use ofrelated than most will be somewhat higher than that of
equation (3) to estimate the expected proportion of ge-the average simulation result.
netic material shared with the ancestor’s chromosome

The Effect of Inbreeding will be conservative. Also, equation (3) will be a good
To this point, we have ignored the effect that inbreed- approximation to equation (2), because the probabilities

ing may have on calculations of this type, except to note that the allele is passed through two or more lines be-
that, in this pedigree structure, the individuals under come small, particularly as m becomes moderately large.
study for a recessive disease are assumed to be bilineally To adjust the false-positive rates for inbreeding, we
related to the ancestral couple. In fact, young isolated can incorporate equation (3) into p(i), given in equation

(A2) of Appendix A, so that

Table 3

Comparison of False-Positive Probabilities for Two Different P(Ti £ L) É 4 1 0 exp

0L�N

i
�� d

2m�i�1 0 d
2m�N0i

lm(i2m 0 N)

2m 0 1
,

Approximations for the Thomas Pedigree with an Extra Meiosis
for Each Lineage, Except for Lineage 4

(4)
a

when the current-generation individuals are related to
Approximation from

the ancestors by d lines of descent. Because of inbreed-Equation (1) From Simulations
ing, ECi, as approximated in Appendix A, should beBased on

i m Å 4 m Å 3 Actual Structure somewhat smaller than the actual ECi. This also will
result in a slight overestimation of P(Ti £ L), that is, in

5 .0139 .2966 .0181 a conservative P value.
6 .0002 .0091 .0004

To assess the accuracy of this inbreeding correction,

/ 9a38$$oc22 09-15-97 13:09:22 ajhga UC-AJHG



837Durham and Feingold: Genome Scanning in Distant Relatives

Figure 4 A, Chromosome pedigree for four chromosomes, in which the parents of the affecteds are bilineally related to the ancestral
couple. Blackened circles represent affected individuals. B, Chromosome pedigree for four chromosomes, in which the great-grandparents of
the affecteds are bilineally related to the ancestral couple. Blackened circles represent affected individuals.

we first compared the approximation in equation (4) does not appear to be important when this inbreeding
correction strategy is used, since the total number ofwith simulations based on the pedigree structures shown

in figure 4, in which four chromosomes are separated meioses represented in figure 4A and B are quite differ-
ent (44 and 36 meioses, respectively). For comparison,from common ancestors by six meioses. In the pedigree

shown in figure 4A, the parents of the affected individu- the false-positive approximation using equation (1)
without inbreeding also is presented. Notice that thereals are bilineally related to the common ancestors, and,

in the pedigree shown in figure 4B, their great-grandpar- is a significant difference between the results calculated
with inbreeding and those calculated without inbreed-ents are inbred. Notice that we initially are considering

independent lines of descent, similar to those in the pedi- ing.
We then considered whether this strategy could accu-grees shown in figure 1. For a recessive disease, the ap-

proximate structures would be similar, except that the rately approximate false-positive rates for the more real-
istic pedigree shown in figure 5, which we developedaffected individuals would be bilineally related to the

ancestors, as shown in figure 1B. Table 4 compares the on the basis of the Thomas pedigree but with added
inbreeding. Table 5 shows empirical false-positive ratessimulated and the approximated probabilities, calcu-

lated with N Å 4, m Å 6, and d Å 2. Equation (4) for simulations based on this pedigree, compared with
approximated rates calculated by use of equation (4),appears to offer a good approximation to the simulated

results, which do not differ greatly according to where with N Å 6, m Å 5, and d Å 2. In table 5, we also
compare approximated rates calculated by use of equa-the inbreeding actually occurred in the pedigree struc-

ture. Thus, matching of the total number of meioses tion (1), with m Å 6 and N Å 6. This approximation

Table 4

Comparison of False-Positive Probabilities Approximated by Use of Equation (4) (d Å 2) and Equation
(1) (no inbreeding), Both with N Å 4 and m Å 6, with Empirical False-Positive Probabilities from
Simulations Based on the Inbred Pedigrees Shown in Figure 4

a

From Simulations

Approximation from Figure 4A Figure 4B Approximation from
i Equation (4) Pedigree Pedigree Equation (1)

3 .2700 .2428 .2371 .0353
4 .0030 .0027 .0029 .0002
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for a realistic data-collection strategy in which areas are
typed with markers at high resolution, only after an
initial scan at low resolution is performed, and we advo-
cated the reporting of dense-scan P values after this final
stage. We investigated the accuracy of the approxima-
tion of an unknown pedigree with a pedigree based on a
conservative estimate of the separation distance between
affected individuals in the current generation and the
common ancestral couple. We also proposed a simple
method for calculation of false-positive rates under in-
breeding that accounts for the extra genetic material
introduced by chance in such a case.

We would like to be able to recommend a standard
procedure for the application of this approximation for
estimation of false-positive rates for IBD sharing among
distant relatives. This is virtually impossible, because

Figure 5 Pedigree based loosely on the Thomas pedigree but the amount of information and, in fact, the pedigree
with inbreeding added. Blackened circles represent affected individu- structure itself are different in every situation. However,
als. we believe that the important pieces of information for

estimation of false-positive probabilities include the fol-
lowing:

ignores inbreeding but gives a close conservative match
1. Total meioses in the pedigree;to the total meioses in the actual pedigree (37 meioses,
2. Number of lines of descent (d) per affected (or percompared with 36 meioses in the approximation). Al-

chromosome); andthough the empirical rates are close to those calculated
3. Number of meioses (m) separating affecteds (or chro-under inbreeding, by use of equation (4), these approxi-

mosomes) from common ancestors.mate results appear to underestimate somewhat the P
values. This likely is due to the nonindependence of the Where there is little or no inbreeding, the best strategy
lines of descent in the realistic pedigree. However, these for approximation appears to be use of a value for m
approximate rates are much closer to the empirical rates in equation (1) that results in an approximate pedigree
than those calculated by use of equation (1), which that most closely matches the estimate of the total
match the total number of meioses but which ignore meioses in the real pedigree. In some cases, this will
inbreeding. correspond to use of the estimate of minimum separa-

In calculating false-positive rates under inbreeding, using tion from the ancestral couple, but this strategy alone,
equation (4), we used the average or best estimate of m, without consideration of the total meioses, may give
instead of the most conservative value. We applied this misleading results. The same qualitative results should
same strategy in estimating the average d, without the hold for pedigrees larger than the ones considered here,
intermediate step of developing an approximate pedigree although a difference of a few meioses will not have as
and attempting to match the total number of meioses. In large an effect in such a case. When inbreeding is present,
the situation in which the exact pedigree is unknown, it the intermediate step of the development of an approxi-
only may be possible to use a reasonable approximation
for m and for d, on the basis of the parts of the pedigree
that can be reconstructed. If this is not possible, false- Table 5
positive rates for the observed number of chromosomes

Comparison of False-Positive Probabilities Approximated by Use ofmatching can be calculated with and without reasonable
Equation (4) (N Å 6, d Å 2, and m Å 5) and Equation (1) (N Å 6

values for d, to see if the statistical significance is robust, and m Å 6) with Empirical False-Positive Probabilities from
that is, if it still holds under inbreeding. Simulations Based on the Pedigree Shown in Figure 5

a
Discussion

Approximation from Approximation from
In this paper, we derived a method for correcting i From Simulations Equation (4) Equation (1)

false-positive probabilities for the large number of com-
4 .5626 .4898 .0027parisons that are performed in a dense scan of a large
5 .0346 .0175 2.2 1 1005

portion of the genome in affected distant relatives, to
6 .0008 .0002 6.9 1 1008

search for a disease locus. We also discussed guidelines
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mate pedigree and the matching of meioses did not ap- and fine localization using linkage-disequilibrium map-
ping. If probability calculations of this type are appro-pear to be as useful. Instead, we used estimates of the

average d and m from the real pedigree, in equation (4), priate for such an all-in-one study, it could be argued
that they also are appropriate for many linkage-disequi-to match most closely the empirical false-positive rates.

Approximated false-positive probabilities such as librium studies that take advantage of earlier linkage
results. The extent to which these results can be appliedthose described here can be important tools for the local-

ization of genes, by use of young isolated populations, to different types of multiple-stage studies and studies
conducted in older populations is an area of furtherbut it is important to use caution and common sense

when the results are interpreted. For an unknown pedi- research.
We stated that, in the pedigree, if the first individualsgree, the approximation will be only as good as the

best guess about the pedigree structure. If subgroups of who are bilineally related to the ancestral couple (after
the first-generation siblings) occur in this last generation,affected individuals are much more closely related than

the estimate of m implies, then their probabilities for this should not affect the probability calculations, since
the comparison of all chromosomes of individuals withIBD sharing could be severely underestimated. For the

case in which there is more information about the pedi- a recessive trait is equivalent to the comparison of single
chromosomes of individuals affected by a dominantgree, an area for future work involves how to combine

information and to design mapping strategies for pedi- trait. One possible exception to this generalization could
occur if there are person-level factors, associated withgrees with subsets of close relatives who all share a com-

mon ancestor. the trait under study, that affect the classification of
chromosomes. One example of this could be an exces-An example of such a pedigree can be seen in the

study by Puffenberger et al. (1994). They performed a sive presence of phenocopies in the population. For a
recessive disease, this may exclude chromosomes ingenome scan for a recessive form of Hirschsprung dis-

ease (HSCR) in a large, inbred, Mennonite kindred and pairs, whereas, for a dominant disease, it will exclude
only one chromosome per phenocopy.reported the mapping to chromosome 13q22 of a new

locus for HSCR. Information on the complete pedigree There are notable differences between our probability
approximation, which controls for multiple testing bystructure was available, and all HSCR cases were 8–12

generations removed from a single ancestral couple. application of the ideas of the Poisson clumping heuristic
under a continuous scan, and that of Houwen et al.Also in this pedigree, the parents of diseased individuals

in the last generation are related to the ancestral couple (1994). They calculated probabilities for the informa-
tion only in the initial sparse scan, using 256 microsatel-by about seven lines of descent, on average. Although

the affected individuals were descended from a single lite markers spaced at 10–20-cM intervals, spanning
Ç3,260 cM. For example, for six chromosomes at aancestral couple, a scanning strategy different from that

employed by Houwen et al. (1994) was used. A low- separation distance of 6 meioses, we approximated the
probability that three or more chromosomes matchresolution genomewide screen was performed for sib

pairs from three nuclear families, and segments identi- somewhere in the continuous genome to be .167 (table
1). Houwen et al. (1994) approximated the probabilityfied as candidates for further dense searching were those

for which the sib pairs had high IBD scores. Thus, alleles that their technique locates a segment for which three
or more chromosomes match to be .011. Their probabil-were allowed to vary between different nuclear families,

as in linkage analysis, and the fact that all individuals ity is much smaller because it indicates how likely they
were to find the shared region for which they werewere descended from common ancestors was not used

in the initial scan. Targeted regions then were saturated searching on the basis of its size and the marker spacing
that was used.with more markers, at high resolution, for one sibling

from each family in the original scan as well as for other By use of the Poisson model for crossovers, the size of
the segment shared by a particular set of i chromosomescases included from the pedigree, and frequency differ-

ences between transmitted and untransmitted parental separated from the ancestral couple by m meioses has a
g distribution with parameters of 2 and iml. This isalleles were used to test for linkage disequilibrium.

Since we are advocating calculating probabilities only because, from the trait gene, the distance to the nearest
crossover on each side is distributed exponentially, andon the basis of the last stage of dense scanning, the

methods presented in this article could be applied to a the sum of two independent exponentials is distributed
as a g random variable. Since the median size of a regionstudy similar to that conducted by Puffenberger et al.

(1994), in which a search for IBD segments due to the where three chromosomes, at a separation distance of
six meioses, match is only Ç9 cM, it is not surprisingcommon ancestor was conducted in the final dense scan.

Note that Puffenberger et al. (1994) were able to achieve that the calculations from the study by Houwen et al.
(1994) indicate that observation of this amount of shar-in one study what often takes several studies to accom-

plish—that is, initial scanning using linkage techniques ing is a rare event when a 10–20-cM map is used. Also,
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the median size of a segment shared IBD by five chromo-
somes, with a separation distance of six meioses, is only
Ç5.5 cM. By use of the conservative dense-scan approxi-
mation, the P value is 2 1 1005 (table 1), as compared
with 5 1 1007, given by Houwen et al. (1994) for their
technique. It is important to consider whether another
study conducted with a separation distance of six
meioses also could be expected to detect significant 20-
cM shared segments. It appears that the segment size
that Houwen et al. (1994) were able to detect may be
quite unusual, since the probability of a 20-cM or longer
segment shared by five chromosomes, with a separation
of six meioses, is õ.02.

Figure A1 Hypercube representing a three-meiosis pedigree
(m Å 3).
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To approximate ECi, we follow Aldous’ (1989) exam-
Appendix A ple B4, in which the Markov chain is approximated near

i by a chain with an up transition rate m(NCalculations for p(i ) and for ECi 0 i) and a down transition rate fi, where m is the rate
at which chromosomes that do not match move toDonnelly (1983) computed the probability that two

individuals with a given relationship will share any ge- matching and where f is the rate at which matching
chromosomes move to not matching. Then, the approxi-netic material IBD when continuous information is

available. His model involves the representation of each mation for the clump size is ECi É [fi 0 m(N 0 i)]01.
We assume that crossovers occur along a chromosomemeiosis by the assigning of either a 0 or a 1 along the

continuous length of a chromosome, according to which as a Poisson process.
To determine the rates at which chromosomes thatof the parent’s parents’ (i.e., the child’s grandparents)

genetic material is present. The process takes the value do not match move to matching and those that match
move to not matching, we use an extension of Donnel-0 if the grandmother’s genetic material is present and 1

if the grandfather’s is present. Donnelly (1983) used the ly’s (1983) grandparent-type relationship. Since the lines
of descent are independent under the approximate pedi-idea that the genetic sharing states resulting from the

meioses that connect two individuals can be thought of gree structure, each affected individual has his/her own
grandparent-type process determining the amount ofas the vertices of a hypercube, which is a cube-like struc-

ture with more vertices than a three-dimensional cube. IBD sharing with the ancestral chromosome. Without
loss of generality, we assume that all the individuals inThe arrangement of vertices on the hypercube structure

indicates how many crossovers are needed to move be- the pedigree structure are female, so that the affected
individual in the present generation is matching the an-tween different genetic sharing states, so that only adja-

cent vertices can be reached in a single crossover. For cestor IBD only where the random walk hits the vertex
(00 . . . 0), that is, an m-dimensional vector of 0’s. Noteexample, in a three-dimensional cube (fig. A1), the verti-

ces (001), (010), and (100) could be reached by a single that we add one meiosis to Donnelly’s (1983) version
of this chain, since we are interested in matching a par-crossover from the vertex (000), but the vertex (111)

could be reached only after a minimum of three cross- ticular chromosome of the ancestor.
A usual square transition-rate matrix, or Q matrix,overs. (Note that the vertices do not represent markers

along a chromosome but, rather, the outcome of all has dimensions equal to the number of possible states
and would contain the rates of switching from a vertexrelevant meioses in the pedigree, for a fixed point along

the genome.) In general, if the pedigree representing the to any other vertex, that is, from any vector of 0’s and
1’s, representing the outcomes of each meiosis, to anyrelationship between two individuals involves m

meioses, the process of crossovers can be represented as other such vector. Thus, the Q matrix would be the
square of dimension 2m, which can be quite large. Don-a random walk on an m-dimensional cube, and certain

vertices of the hypercube can represent IBD sharing be- nelly (1983) circumvented this problem by considering
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instead a Q matrix of orbits, for which the orbits can Since which chromosomes are matching an ancestral
chromosome is independent under the pedigree approxi-be thought of as mutually exclusive sets of states that

are similar. We also use this approach, since the orbits mation described in the section entitled ‘‘Approximate
Pedigree Structures,’’ we also will use the binomial dis-for the grandparent-type relationship are straightfor-

ward; a state is simply classified into an orbit according tribution used by Houwen et al. (1994), for the calcula-
tion of p(i). Note that p(i) can be interpreted as theto the number of 1’s that it contains. When m is the

number of meioses separating an individual from the probability that the number of chromosomes at a sepa-
ration distance m that match an ancestral chromosomecommon ancestor, the Q matrix for the process of orbits

is is i at a particular location t along the genome. Then,

p(i) Å �N

i �� 1
2m�i�1 0 1

2m�N0i

. (A2)0m 1 0 . . . 0
m 0m 2 �

0 m 0 1 0m ���
� m 0 2 ��� m 0 1 0

��� 0m m
0 . . . 0 1 0m

,

Appendix B

Simulation Methods

The simulations discussed in this article were per-so that the matrix of transition probabilities for the em-
formed by use of a Poisson-process model for crossovers.bedded process is
Donnelly’s (1983) chromosome pedigree, as described
in Appendix A, was constructed to represent the rela-
tionships among relevant chromosomes. Each simula-
tion consisted of the following:

1. A random number of crossovers occurring
throughout the genome, for the pedigree, was generated
based on a Poisson distribution, with the mean deter-
mined by N, m, an assumed genome length (L Å 33

0
1
m

0 . . . 0

1 0
2
m

�

0
m 0 1

m
0 ���

�
m 0 2

m
���

m 0 1
m

0

��� 0 1

0 . . . 0
1
m

0

. morgans), and the average rate of crossovers for a single
meiosis (one per morgan).

2. An initial state was chosen for each chromosome
in the pedigree by the random assigning of either a 0 or
a 1 to represent which parent’s genetic material was
present.

3. At each crossover, it was determined randomly
which chromosome switched either from a 0 to a 1 or
from a 1 to a 0. Then, the number of chromosomes

Note that we have preserved Donnelly’s (1983) nota- matching the ancestor was determined by consideration
tion, in which the columns sum to 1. As an example, of the values of the 0–1 processes. Without loss of gener-
the probability that a jump from a state with two 1’s ality, we assumed all matching to be through maternal
results in a state with one 1 is 2/m. There is only one lines. Only if all the chromosomes connecting the cur-
orbit from which a chromosome can move to match the rent-generation individual to the ancestor took the value
genetic material of the ancestor’s chromosome, that is, 0 was a match indicated. This corresponds to the ran-
to hit the vertex (00 . . . 0). This orbit consists of states dom walk hitting the vertex (0, . . . , 0), as described in
with only one 1, that is, states in which there is only Appendix A. For the simulations in table 1, a different
one nonmatching meiosis. Since all states are equally sequence of chromosomes connected each sampled indi-
probable, the probability of being in one of these states vidual to the ancestor. For simulations reflecting an ac-
and moving to match is [m/ (2m 0 1)](1/m). Since the tual pedigree, as in table 2, the outcomes of the meioses
rate at which crossovers are occurring is ml, m Å (ml)/ were connected as in the actual structure.
(2m 0 1). If a chromosome is matching, then, after a 4. The maximum number observed matching i was
crossover, a move to nonmatching is certain. Thus, f recorded from each simulation and was used to calculateÅ ml, and ECi is approximated by empirical probabilities. These were multiplied by 4, in

order to represent the fact that there are actually four
chromosomes, associated with the ancestral couple, that[fi 0 m(N 0 i)]01 Å 2m 0 1

lm(i2m 0 N)
. (A1)

could result in matching.
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