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            Journal of Medical Genetics 1988, 25, 577-588 Considerations in using linkage analysis as a presymptomatic test for Huntington's disease LINDSAY A FARRER*tt, RICHARD H MYERS*t, L ADRIENNE CUPPLES§, AND P MICHAEL CONNEALLY§ From *the Department of Neurology, and tSchool of Public Health, Boston University School of Medicine, Boston, MA 02118; Pthe Department of Neurology, Harvard University Medical School, Boston, MA 02114; and §the Department of Medical Genetics, Indiana University School of Medicine, Indianapolis, IN 46223, USA. SUMMARY The polymorphic locus D4S1O that is genetically linked to the locus for Huntington's disease (HD) has made possible a presymptomatic test for those at risk. Because the symptoms of this progressively debilitating and fatal illness are not usually manifest until adulthood, the outcome of the test will influence major decisions about career, marriage, and procreation. Several differential diagnoses must be considered before using the test if HD is not confirmed in at least one family member. Review of a large number of pedigrees has shown that 40% of persons at risk do not have appropriate family structure for a linkage test. Furthermore, uncooperative or inaccessible relatives may make this test infeasible for many others who wish to be tested. Linkage phase, which must be known in the affected parent for an informative test, can be determined using one or more of 12 probe-enzyme combinations for D4SJO. Although the polymorphism information content (PIC) value for any one RFLP is less than 40%, the PIC value for the haplotype of the two G8 HindlIl, pK083 EcoRI, and R7 BglII RFLPs is greater than 88%. We have developed a scheme to incorporate linkage data and age at onset information adjusted for censored observations, sex of affected parent, and familial correlation for age at onset, using the computer program MLINK for calculation of risk of having HD. Simulated experiments showed that proper age at onset adjustment is crucial to the calculation of the probability of risk. A formal presymptomatic testing protocol, including pre- and post-test counselling, psychological testing, and paternity testing is recommended. Many of these considerations are illustrated in several actual test cases. The advent of recombinant DNA technology has made possible presymptomatic and prenatal detec- tion of many inherited disorders, including Hunting- ton's disease (HD), 1-3 by using linked genetic markers (restriction fragment length polymorphisms, RFLPs).' In the absence of a cure or even effective therapeutic intervention, the test places a tremen- dous emotional burden on the persons being tested and their families2 3 5 6 and poses several legal and ethical dilemmas for society at large.7-13 Clinical trials are in progress in several medical centres to assess the impact of presymptomatic testing of HD in a carefully selected and monitored group of subjects. The HD testing protocol implemented by a multidisciplinary group of geneticists, neurologists, Received for publication 29 September 1987. Revised version accepted for publication 18 December 1987. psychiatrists, social workers, and molecular biologists at the Huntington Disease Center Without Walls in the Massachusetts General Hospital requires docu- mentation of the diagnosis in at least one family member and extensive evaluation of the subject's psychiatric history, social supports, and pedigree for linkage analysis. Details of the protocol and pre- liminary findings are reported elsewhere.14 Despite the harmful effects that a positive test result might provoke, most notably suicide or suicidal feelings,8 1517 the demand for the test among well informed persons at risk for HD9 18-2( has convinced a number of medical professionals to implement the test. It is the purpose of this paper to review practical and statistical considerations for presymptomatic testing in HD. Simulated and real examples are provided to support our thesis that an accurate and efficient testing programme requires 577 copyright. on 11 July 2018 by guest. Protected by http://jmg.bmj.com/ J Med Genet: first published as 10.1136/jmg.25.9.577 on 1 September 1988. Downloaded from 
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Journal of Medical Genetics 1988, 25, 577-588
 Considerations in using linkage analysis as apresymptomatic test for Huntington's diseaseLINDSAY A FARRER*tt, RICHARD H MYERS*t,L ADRIENNE CUPPLES§, AND P MICHAEL CONNEALLY§From *the Department of Neurology, and tSchool of Public Health, Boston University School of Medicine,Boston, MA 02118; Pthe Department of Neurology, Harvard University Medical School, Boston, MA 02114;and §the Department of Medical Genetics, Indiana University School of Medicine, Indianapolis, IN 46223,USA.
 SUMMARY The polymorphic locus D4S1O that is genetically linked to the locus for Huntington'sdisease (HD) has made possible a presymptomatic test for those at risk. Because the symptoms ofthis progressively debilitating and fatal illness are not usually manifest until adulthood, theoutcome of the test will influence major decisions about career, marriage, and procreation.Several differential diagnoses must be considered before using the test if HD is not confirmed inat least one family member. Review of a large number of pedigrees has shown that 40% ofpersons at risk do not have appropriate family structure for a linkage test. Furthermore,uncooperative or inaccessible relatives may make this test infeasible for many others who wishto be tested. Linkage phase, which must be known in the affected parent for an informative test,can be determined using one or more of 12 probe-enzyme combinations for D4SJO. Although thepolymorphism information content (PIC) value for any one RFLP is less than 40%, the PIC valuefor the haplotype of the two G8 HindlIl, pK083 EcoRI, and R7 BglII RFLPs is greater than88%. We have developed a scheme to incorporate linkage data and age at onset informationadjusted for censored observations, sex of affected parent, and familial correlation for age atonset, using the computer program MLINK for calculation of risk of having HD. Simulatedexperiments showed that proper age at onset adjustment is crucial to the calculation of theprobability of risk. A formal presymptomatic testing protocol, including pre- and post-testcounselling, psychological testing, and paternity testing is recommended. Many of theseconsiderations are illustrated in several actual test cases.
 The advent of recombinant DNA technology hasmade possible presymptomatic and prenatal detec-tion of many inherited disorders, including Hunting-ton's disease (HD), 1-3 by using linked geneticmarkers (restriction fragment length polymorphisms,RFLPs).' In the absence of a cure or even effectivetherapeutic intervention, the test places a tremen-dous emotional burden on the persons being testedand their families2 3 5 6 and poses several legal andethical dilemmas for society at large.7-13 Clinicaltrials are in progress in several medical centres toassess the impact of presymptomatic testing of HDin a carefully selected and monitored group ofsubjects. The HD testing protocol implemented by amultidisciplinary group of geneticists, neurologists,
 Received for publication 29 September 1987.Revised version accepted for publication 18 December 1987.
 psychiatrists, social workers, and molecular biologistsat the Huntington Disease Center Without Walls inthe Massachusetts General Hospital requires docu-mentation of the diagnosis in at least one familymember and extensive evaluation of the subject'spsychiatric history, social supports, and pedigree forlinkage analysis. Details of the protocol and pre-liminary findings are reported elsewhere.14
 Despite the harmful effects that a positive testresult might provoke, most notably suicide orsuicidal feelings,8 1517 the demand for the testamong well informed persons at risk for HD9 18-2(has convinced a number of medical professionals toimplement the test. It is the purpose of this paper toreview practical and statistical considerations forpresymptomatic testing in HD. Simulated and realexamples are provided to support our thesis that anaccurate and efficient testing programme requires
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 an integrated knowledge of the intricacies of linkageanalysis and of clinical and genetic patterns of HD.Many of these factors are relevant considerations forpredictive testing in other inherited conditions.
 Considerations
 ACCURATE DIAGNOSISA definite diagnosis of HD in at least one closerelative is essential before considering any predic-tive test in a person at risk. Those families with asingle case of clinically diagnosed HD are advised toseek a neuropathological confirmation of the di-agnosis upon the death of the patient. Currently,clinical examination in conjunction with diagnosticaids, including magnetic resonance imaging (MRI)and computerised tomography (CT scans), are theonly methods available for diagnosing HD in livingpatients.2' Generally, persons who present withchorea are more likely to be diagnosed early andcorrectly whereas the diagnosis cannot be madeconfidently in persons whose only symptoms arepsychiatric, and these patients are more likely toreceive only a psychiatric diagnosis initially. Therange in clinical expression thus makes the con-firmation of a family history an essential prere-quisite for the diagnosis.A recent study of all HD patients living in
 Maryland showed that 15% (31/212) reported ashaving HD had been misdiagnosed and had otherneurological disorders.22 In a suspicious case of HD,a number of differential diagnoses, particularlyother causes of inherited chorea and dementia,should be considered. Cerebellar ataxia, familialAlzheimer's disease, Wilson's disease, choreoacan-thocytosis, and Creutzfeldt-Jakob disease can beruled out by the appropriate tests. The differentia-tion between HD and tardive dyskinesia may beextremely difficult; however, the latter disorder hassome unique motor abnormalities (for details, seeHayden23). Also, the symptoms in late stage HD arevery similar to those in Parkinson's disease.23 Otherdisorders which may mimic HD (phenocopies) areusually distinguished by their non-progressivenature or lack of family history.
 It is essential that every family member whoprovides a blood sample in the linkage test isneurologically evaluated to establish presence orabsence of HD. Failure to assign HD phenotypecorrectly (that is, affected or unaffected) to anyperson whose DNA is examined or marker pheno-types inferred in the linkage analysis will result in aninaccurate or perhaps erroneous result.
 FAMILY STRUCTUREAn informative test result can be obtained only if
 the test subject has a sufficient number of relativesfrom a family structure from which parental phase ofalleles at the HD locus with alleles at the linkagemarker loci can be deduced. In this context the termphase refers to the orientation of marker alleles andHD alleles (that is, HD or wild type) on thehomologous chromosome pair. The determinationof phase requires a family structure with livingmembers in at least two generations and at least oneaffected relative closely related to the test subject. Ifthe living affected relative is more distantly related,it is often possible to establish partial phase whichmay be sufficient if the relative and test subjectshare a rare haplotype. Unaffected sibs, unless theyare elderly, provide little information about phasebecause the expression of HD usually occurs in midor late life. Consequently, a sample from at leastone affected relative must be studied. We analysedthe structure of families with HD whose genealogieswere contributed to the Huntington Disease Re-search Roster at Indiana University before 1984 todetermine in what proportion a genetic predictioncould be achieved for a person at risk or a pregnancyof that person. A total of 3533 subjects at riskbetween the ages of 18 and 65 years were classifiedinto 16 distinct family structures (fig 1).Three generation data including the affected
 parent and the affected grandparent contribute themost information to the determination of linkagephase. Although this family structure is the mostdesirable, it is one of the least frequently observedsituations among persons who are at risk for HD,accounting for 1.9% of family structures (fig 1). Infact, fewer than 14% of all persons at risk have theaffected parent and either grandparent available forstudy (table 1). This percentage is remarkablysimilar to an estimate derived from a British familysample.24 At the other extreme, predictive testingusing linkage analysis is not possible for more thanone-fifth of the at risk HD population because thereare no living affected relatives. Furthermore, it isunlikely that the family structure will allow aninformative test result in another 18% of persons atrisk (fig 1, pedigrees 8, 12, 13, and 14) becauselinkage phase in the affected parent cannot bedetermined with confidence. Thus, predictive test-ing using linkage analysis is not a feasible option forapproximately 40% of persons who may want toknow whether or not they carry the HD gene. Incontrast, table 1 shows that at least 39% of thesecases could use the test for prediction in a fetus oroffspring because the affected parent is living. Suchtesting would also be informative for many cases inwhich the spouse of the affected parent is living. Inthe future, a higher proportion of subjects at riskwill have an informative family structure because of
 578
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 FIG 1 Family structures for subjects at risk for HD.Structures are listed in order ofinformativeness for linkage(I =most informative). Solid lines connect subjectscomprising basic type ofthatfamily structure; dotted sibshiplines imply that at least one affected sib or aunt/uncle isavailable for study. Dark symbol denotes HD; slashthrough symbol means subject is dead; persons are assumedto be living unless indicated by slash through symbol.
 DNA banking (see below). The method for usinglinkage analysis for fetal testing is presentedelsewhere2427 and is discussed later in this paper.
 AVAILABILITY OF TISSUE SAMPLES FROM
 RELATIVESEven if the family structure is suitable for apresymptomatic test, it would be of little value if
 TABLE 1 Distribution of pedigree structures for subjectsat risk for HD.
 Pedigree type Familv No %structure*
 3 generation 1-6 479 13 62 gencration (living affected parent) 7-8 906 25 62 generation (living grandparent(s): 9-14 530 15-0
 affected parent dead)1 generation (living affected aunts/uncles 15 875 24.8and/or sibs)
 At risk offspring only 16 743 21-0(linkage testing impossible)
 Total 3533 1()00*Numbers correspond to family structures in fig 1.
 blood samples were unavailable from memberswhose genetic information is crucial to the linkageanalysis. The proportion of relatives who refuse tocooperate has not been determined. In our testingexperience14 only one relative with a highly desiredsample has refused to donate a blood sample in thefamilies of the first 18 persons at risk seeking a test.More than 80 blood samples have been collectedwithout obligation. HD has a tendency, however, todisrupt and disintegrate social networks because ofeconomic hardship, stigma, denial, and guilt. It isnot advisable and is usually not feasible for thehealth professional who is administering the test tosolicit participation from relatives. Thus, theperhaps emotionally distressed test subject has theadditional responsibility of contacting and persuad-ing relatives, some of whom he or she may neverhave met, to donate a blood sample and consent to aneurological examination. Although the health pro-fessional may provide a follow up letter explainingthe purpose of the neurological examination andblood sample, he or she should avoid the role ofarbiter between the resistant relative and the testsubject. The possibility of arranging for a neurolo-gical examination, the results of which need not bedivulged to the person examined, may be an option.Arrangements should be made to store blood
 samples from critical relatives of persons at risk whowish to defer testing and from persons who areconsidered too young for testing, to ensure thatgenetic information will be available from personswho may die before the test is used. Conneally et a125advocate banking DNA from late stage HD pa-tients, elderly unaffected parents of affected per-sons, elderly unaffected aunts and uncles, and otherimportant relatives in fragile health. A nationalblood sample storage programme has been estab-lished by Dr Conneally at Indiana University.
 NUMBER AND RELATIVE POSITIONS OF MARKERLOCI AROUND THE HD LOCUSKnowledge of the organisation and properties of the
 579
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 region of the genetic map encompassing the HDgene is tantamount to a proper linkage analysis.There is a paucity of genetic markers localised to thetip of the short arm of chromosome 4 and untilrecently only one polymorphic marker (D4SJO) wasclose enough to the HD locus to be useful forlinkage. D4S10 was mapped to this region by aseries of experiments using chromosomal deletionsfrom Wolf-Hirschhorn patients28 and by in situhybridisation.29 30 HD was assigned to this region byinference because of linkage to D4S10.1 The max-imum likelihood estimate of recombination, 0,between the HD locus and D4S10 is 0-04 (equivalentto 4 cM) with a one lod score unit support interval of0-024 to 0*O65.3' Thus, the maximum level ofaccuracy for a predictive test result using only theD4SJO RFLPs is 96%; there is a 4% chance that arecombinant event occurred in the gamete from theaffected parent so that the linkage phase in theasymptomatic offspring is the reverse of that in theparent. Multipoint linkage analysis using chromo-some 4 markers proximal to D4S10 has establishedthat the HD gene is located closer to the telomerethan D4SIO.32 Recently, several other highly poly-morphic markers have been identified that map nearthe HD locus including D4S43,32 D4S62, andD4S95.33 D4S62 lies closer to the centromere thanD4SIO.34 Since no crossovers between HD andD4S43 have been observed, it is unclear whetherthis marker is distal to the HD locus.32 Preliminaryevidence suggests that D4S95 is also closer to and on
 AB BC BC
 FIG 2 Pedigree showing an obligate crossover between HDand D4S10. Phenotypes for D4SJO are given under symbolfor subject. Parental linkagephase is known because geneticinformation from the grandparents was available. Thus, theaffected girl is a recombinant. Without knowing thegrandparental phenotypes for D4S10, it is equally likely thatshe-or her brother inherited the recombinant chromosome 4from the father. In the latter case, the linkage test would beuninformative for the unaffected brother.
 TABLE 2 RFLPs at the D4S1O locus.
 Probe Enzyme Allele Variable Frequency PIC Referencename band length
 G8,pK082 HindIII Al 17-5 0-79 0-28 1A2 15-0 0-21Bi 3-7, 1-2t 0-81 0-26 1B2 4-9 0-19
 pK082 PstI Cl 5-6 0-92 0-14 37C2 2-4 0-08
 pK082 BglI Dl 3-6 0-15 0-22 37D2 2-7 0-85
 pK082 NciI El 1-6 0-77 0-29 37E2 0-7 0-23
 pK082 TaqI Fl 3-7 0-80 0-27 37F2 2-0, 1-7 0-20
 pK083 EcoRI Gl 14-0 0-60 0-36 37G2 11-0 0-40
 R7* Bgtl HI 2-0 040 0-36 37H2 1.9 0-50
 R7* PvuII I1 0.9 0 40 0-36 3712 0-8 0 50
 R7* Sacd J1 0-9 0-40 0-36 37J2 0-8 0-50
 G8 EcoRI Kl 6-0 096 007t 37K2 5-5 004
 pTV20 BgtII LI 3-5 0-67 0.34 38L2 2-3 033
 *Complete linkage disequilibrium has been noted among the R7 sites(J Gusella, 1987, personal communication). Thus, there is no gain in infor-mation when R7 is typed with more than one restriction enzyme.tThis band is produced only with the G8 probe.tThe PIC appears to be greater than this estimate in American blacks.
 the same side of the HD gene as D4SJO or is aflanking marker.33An example of a pedigree with an obligate
 crossover between HD and D4SIO is shown in fig 2.Since in most cases the family structure is less thanoptimal (fig 1, table 1) or tissue samples may beunavailable from critical relatives, the resultantprobability will usually be less than 96%.The risk estimate may be grossly inaccurate if
 there is linkage disequilibrium or sex differences inrecombination rate. When there is linkage dis-equilibrium between the disease locus and markerlocus, the proportion of informative families isgenerally expected to increase because the diseasegene is strongly associated with a particular markerallele.35 If the associated marker allele is relativelyuncommon, then the accuracy of the test mayincrease markedly in pedigrees in which inferencesabout linkage phase must be made. There is noevidence for linkage disequilibrium between HDand D4S1O,31 but there is substantial disequilibriumamong several restriction sites at D4SJO (table 2). Insuch cases a risk calculation using haplotype fre-quencies calculated from the individual restrictionsites is less accurate than one based on empiricalhaplotype frequencies. Farrer et al3t' recentlyshowed that a sex difference in recombination rateprofoundly affects the accuracy of a predictive test if
 580
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Considerations in using linkage analysis as a presymptomatic test for Huntington's disease
 there is an obligate recombination within the regionbetween the disease locus and the nearest markerlocus, or if the distance to the nearest informativemarker locus is more than 5 to 10 cM. However,only small sex differences have been detectedbetween the HD and D4SJO loci.31The informativeness and accuracy of a linkage test
 for HD would be greatly enhanced if multiplemarkers flanking the HD locus were available.Having multiple linked marker loci will make ahigher proportion of meiotic events informative.Furthermore, multiple crossovers could be detectedand counted if the HD locus lies within the cluster ofmarker loci. Thus, for example, if the HD locuswere flanked by two loci each at a distance of 4 cM,a fully informative, phase known multipoint linkagetest could yield a theoretical probability as highas 99-84% which corresponds to 1 minus the prob-ability of a double crossover. However, in fact, thisprobability would be essentially unity becausedouble crossovers almost never occur in regions lessthan 10 cM, owing to interference.
 AB AB ofW BC u I
 unavailable
 Haplotype Enzyme 1 Enzyme 2
 APPROPRIATE SEGREGATION OF ALLELES ATMARKER LOCIEven if the family structure is adequate, fullcooperation of the family is obtained, and closelylinked markers are available, the linkage test will beinformative only if there is appropriate segregationof alleles at the marker loci. Minimally, the affectedparent must be heterozygous for the marker locus,otherwise it is not possible to determine linkagephase. In the absence of linkage disequilibriumbetween the HD and D4S10 loci, the a prioriprobability that an affected subject will be heterozy-gous for D4S10 depends on the allele frequencies inthe general population. Table 2 shows that there are12 different probe-enzyme combinations whichidentify RFLPs at D4S10. The polymorphism in-formation content (PIC)4 value for any one RFLP isless than 40%, whereas the PIC for the haplotype ofthe two pK082 HindIII, the pK083 EcoRI, and theR7 BglII RFLPs is greater than 88%. A markerwhose PIC value is greater than 50% is consideredto be highly informative for linkage studies.4 D4S43
 unavailable
 Haplotype Enzyme 1 Enzyme 2 Enzyme 3
 + + +
 +
 +
 _- +
 + +_
 +_
 H - _ _FIG 3 A frequently encountered family structure for a subject at riskforHD desiring a predictive test. In this example, bothparents are dead and two unaffected sibs are unavailable for testing. The haplotype schemefor the hypothetical RFLPstested is given below the pedigree. Plus and minus signs indicate presence or absence of restriction site. (a) Haplotypesderivedfrom two co-dominant RFLP systems. Since parental linkagephase cannot be determined, this test is uninformative.(b) Haplotypes derivedfrom three co-dominant RFLP systems. Addition ofone RFLP system allowed differentiation ofchromosomes 4 in the sib pair and assignment ofparental linkage phase.
 AB
 + +
 +_
 C _
 D _+
 ABCDEFG
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 has a PIC of about 70% (see reference 32 forcomplete description of RFLPs).
 Nevertheless, key persons may be homozygousfor the common RFLPs, as illustrated in fig 3. Thisfrequently encountered example shows thatalthough a pedigree may be informative for D4S10,particular segregation patterns can yield uninforma-tive test results, especially if the family structure isless than optimal. One method to resolve thisambiguity involves typing additional RFLPs so thatevery grandparental chromosome 4 can be distin-guished and, thus, linkage phase can be determined(fig 3). The efficacy of this method depends on thePIC of the RFLPs and must be balanced with otherdemands on the diagnostic laboratory.
 AGE DEPENDENT PENETRANCE
 Allowance for age dependent penetrance is criticalfor presymptomatic testing using linkage analysis indisorders like HD.39 4 It has been shown4' thatempirically derived age at onset distributions areinherently biased because they fail to take intoaccount those persons who die from causes un-related to HD before disease symptoms are manifest,and are thus censored. This approach biases the ageat onset distribution downwards and, consequently,results in an underestimate of risk to an asymp-tomatic person. Cupples et at42 have recently de-veloped a method to estimate simultaneously therisk of inheriting HD and the age at onset distribu-tion using Kaplan-Meier survival methods.43 Weapplied this technique using data from the HDRoster, including a group of 622 subjects whose age
 LL
 Affected Fathers, ObservedAffected Mothers, Observed
 -- Affected Fathers, Conditioned--- Affected Mothers, Conditioned
 ;lo~~~~~~
 10I
 O 10 20 30 40 50 60 70 80Age at onset (years)
 FIG 4 Empirical age at onset distribution for each parentalsex44 superimposed on the distribution estimated by lifetableanalysis (affected fathers, no affected=315, no
 censored=5310; affected mothers, no affected=302, no
 censored=4209).
 at onset was known and refiably ascertained" and agroup of 9602 subjects at risk whose current ages orages at death (if dead) were known. Persons who areconsidered possibly to have been affected wereexcluded from the analysis. The life table adjustedmean (SE) age at onset (43-5 (0-61) years) is 5 5years greater than the observed mean (38-0 (0-44)years with a standard deviation of 11*0 years).44This difference matches the finding (5.3 years) ofCupples et ap42 in an independent data set and lieswithin the range (4.6 to 7*5 years) obtained byNewcombe.45 Separate life table adjusted age atonset distributions derived for offspring of affectedmales (mean=41.5 (0.77) years) and females(mean=45.4 (0-89) years) are plotted in fig 4. Thesemeans are significantly different (Z=3.32, p<0O001).The incorporation of conditional information into
 the linkage analysis makes hand calculations tediousand susceptible to error.2 One of the linkageanalysis yrograms that is used for calculating risks,LIPED, 6 has been modified to incorporate correc-tion for age at onset.47 Although the onset correc-tion function in LIPED can be manipulated to takeinto account familial correlation to age at onset,there is no straightforward method in LIPED toallow for differences in age at onset owing to the sexof the affected parent. However, the risk calculationoption of the program MLINK from theLINKAGE48 package can be used in this manner.Also, with MLINK, genetic information in a familycan be maximised by considering the RFLPs asindependent sites with 0% recombination betweenthem when three or fewer systems are analysed.When more than three RFLPs are included in theanalysis, haplotypes can be constructed so that themaximum number of marker loci is three. Thisstrategy is most efficacious because it minimises thetedious hand coding of haplotypes, especially when
 TABLE 3 Probability ofHD gene carrier being affected.
 Liability Age (y) Penetranceclass
 Father affected Mother affected
 LI 0-13 0-21 0.010L2 14-2( 22-27 0-049L3 21-24 28-29 0-076L4 25-29 30-32 0-146L5 30-34 33-37 0-237L6 35-36 38-39 0-296L7 37-38 40-41 0-377L8 39-41 42-44 0-460L9 42-44 45-46 0-560L1O 45-47 47-50 0-677Lil 48-49 51-52 0-742L12 50-52 53-55 0-836L13 53-54 56-60 0.919L14 55-59 61-65 0-970L15 60+ 66+ 0-999
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 information is available from three or more RFLPs,and it maximises the capabilities of MLINK withoutplacing excessive demands on the computer.Age dependent penetrance of HD was defined as
 a step function of liability classes LI to L15 based on15 age intervals, corresponding as closely as possibleto the survival analysis and sex of parent adjusteddistribution for age at onset (table 3). Furtheradjustment was made to allow for familial clusteringof age at onset by assigning a lower or higherliability class if the mean age at onset amongaffected persons in the kindred was at least ½/2 SD(of the family means for age at onset) unit above orbelow the observed mean age at onset for the HDpopulation. The formula for the adjustment is:
 Ln=Li+x (1)
 where Li=ith liability class for test subject based oncurrent age and adjusted for sex ofaffected parent
 x=number of liability classes to be addedor subtracted from i
 =2 [(mean onset p-mean onsetfam)/(std. onsetfam means)]
 =2 [(38*0-mean onsetfam)/12*7]
 Ln=new liability class, n, after adjustmentfor familial clustering for age at onset.
 In a family whose mean age at onset is 65 years (thatis, approximately 2 SD units greater than the HDpopulation mean), the adjustment will change theliability class from L10 to L6 for a 47 year old personand from L15 to Lii for a 66 year old person.
 Data were simulated for a fictitious pedigree(fig 5) to measure the potential degree of fluctuationin the probability of being an HD gene carrier owingto the sex of affected parent and familial clusteringof age at onset. The simulation consisted of sixanalyses corresponding to combinations of familialonset pattern (early, average, or late) and sex ofaffected parent. Probabilities of HD genotype werecalculated using MLINK. The linkage problem wastreated as a four locus analysis in which the twoHindIII RFLPs were combined into one locus asdescribed above. Because the mean age at onset inthe early and late onset pedigrees was greater than1 SD unit below and above, respectively, the HDpopulation mean, an adjustment to the liability forthe unaffected offspring was made using equation(1) where x=2. The results in table 4 show that,especially for persons whose age lies in the middle ofthe age at onset distribution, adjustment to the ageat onset function may substantially influence theprobability.
 IAlBiG2Hi
 Al Al A2 A2 Al A2 Al AlB1 B1 B2 B2 B1 B1 B1 B1G1lG G2 G2 Gl Gl G2 G2Hl Hl ,H H2 H21 Hl Hl H2
 Al A2 Al AlB1 B2 B1 B1G2 G2 Gl G2Hl H2 H2 Hl
 LIA oA1 A2 Al AllAlBi B2 Bl B1 B1Gl G2 Gl G2 G2H2 H2 H2 Hl Hl
 583
 A2 AlB2 BiG2 G2H2 Hi
 FIG 5 Fictitious pedigree with HD. Diamond shapedsymbol indicates that the sex ofthe person was male orfemale (see table 4). Ages of the subjects at risk are giveninside the pedigree symbols. Consultand is indicated by anarrow. Phenotypes for RFLPs at the D4SJO locus are shownbelow the pedigree symbols in the descending orderHindIII, EcoRI, and BgIII. Descriptions ofeach RFLPsystem are given in table 2. The extended haplotype includestwo HindIII sites but only one is informative in this family.The orientation ofalleles on each side ofthe vertical linerepresents the most likely linkage phase.
 PATERNITY TESTINGSince reported rates of parental exclusion in popula-tion studies approximate 5%, the possibility ofnon-paternity should not be overlooked. The dis-covery of non-paternity in the affected father of atest subject must be handled with extreme caution.Although the child may be relieved to learn that heor she is not at risk for having the disease, emotionaltrauma evoked by this knowledge may be severe.Non-paternity in the other portions of the pedigreewhich may have significant consequences on theoutcome of the test is difficult to detect unless theextended family is typed.The need to assure correct paternity must be
 balanced with economic concerns of performing thepresymptomatic test. A large proportion of paternalexclusions could be revealed by typing with D4SJOalone if the laboratory types all of the potentialvariable sites (table 2). However, since some of therestriction enzymes are expensive or hard to workwith, it is doubtful that this procedure would be usedroutinely. Most DNA laboratories are not equippedfor or experienced in typing classical marker sys-tems. HLA typing is very expensive and it oftenrequires typing 10 to 15 of the other classicalmarkers to establish paternity, because most of
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 TABLE 4 Probability that 48 year old consultand in fig 5has the gene for HD.
 Familial Father Mothermean age affected affectedat onset
 25 (early) (050 (1)* 0(69 (2)38 (average) 0-86 (3) 0(89 (4)51 (late) 0(94 (5) 0-94 (6)
 Keeping the marker and pedigree information constant (see fig 5). theprobability that the consultand is a carrier for HD varies substantiallydepending upon the familial mean age of onset and sex of the affectedparent.
 *Liability class (Ln) for the unaffected offspring in analyses I to 6 werederived from table 3 and are as follows.
 Analysis Consultand Brother Sister
 I L13 L11 L122 L12 LIO LIl3 LlI L9 LI)4 LIO L8 L95 L9 L7 L86 L8 L6 L5
 these systems are not very polymorphic. DNAprobes which detect hypervariable sites, such asthose used in DNA fingerprinting,511 can be usedmore efficiently.
 PSYCHOLOGICAL AND COUNSELLINGCONSIDERATIONSThe ultimate decision to take or not to take thepresymptomatic test rests with the person at riskwho is facing the threat of developing the disease.The counsellor is responsible for conveying theinformation which allows the subject to make aninformed choice. This includes a presentation of thelimitations of the test accuracy as a consequence ofgenetic recombination. In addition, an estimate ofthe likelihood that the test will prove informative forthe consultand is important, since the possibility ofan uninformative test may be substantial if affectedpersons are not available.The existing protocol assesses psychological well
 being as well as available social support mechanismsfor those seeking the test. At present, persons whomanifest suicidal tendencies or who are underpsychiatric care for manic depression or schizophre-nia are asked not to take the test. The methods forpsychological assessment and counselling are de-scribed in greater detail elsewhere.'4
 Prenatal testing is possible with the geneticlinkage test for HD. One consideration which somefamilies have raised is that since research in this areais moving so rapidly, perhaps a treatment or cure forthe illness might be available in 40 years when achild born now would develop the disease. The
 ethical dilemmas raised by the prenatal test areperceived quite differently and the decision willdepend upon personal perspectives.Many persons who have requested the presymp-
 tomatic test have been diagnosed by subsequentroutine neurological evaluation. Because the onsetof the disease may be a time of emotional crisis, it isparticularly important to make the clinical diagnosisso that medical treatment can be initiated. There-fore, the genetic test programme should includeneurological assessment of persons requesting thetest.
 Examples
 In practice every family structure is unique andrelationships among members are unpredictable.The following examples, which re resent a compo-site of several real pedigrees,p emphasise thecomplexity of predictive testing in HD.
 EXAMPLE 1The initial samples collected and analysed in thispedigree (fig 6) were those from the test subject, hisparents, and the unaffected maternal aunt anduncle. Linkage analysis revealed all four grand-parental haplotypes and the inferred phase for theunaffected uncle was A2/GI/H2-A2/G2/Hl. Leftunchallenged, this interpretation would have re-sulted in designating the consultand as a probablegene carrier. However, the sample from the affectedaunt showed that the HD gene is more likely to besegregating with the haplotype A2/G2/H1 and,barring a crossover event, the unaffected maternalaunt carries the HD gene. Furthermore, phase in the
 A21 A2 A1IA2 A1 A2 A2 A2 A1 A2 Al AlG1IG2 G1IG2 G1 G2 G2 G2 G2 G1 G1 G2H1 H2 H2IHlHlHl H 1H±H H2 H2 H1
 A2 A1G2 G2H2 Hl
 FIG 6 HD pedigree typically encountered forpresymptomatic testing. Some aspects of the pedigreestructure have been changed to protect the identity of thefamily. Numbers inside pedigree symbols represent currentage. The mean age at onset of the affected persons is 36years. D4SJO haplotypes are shown below the pedigreesymbols in the manner described in fig 5.
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Considerations in using linkage analysis as a presymptomatic test for Huntington's disease
 consultand was established as A2/G2/H2-A1/G2/H1only after additional samples were collected fromthe paternal grandfather and aunt. Ultimately, it isthe paternal aunt who sets phase. Linkage analysiswith MLINK using all the information showed thatthe test subject is most probably not an HD genecarrier (probability=91.7%). This example illus-trates that analysis of samples from more than oneaffected relative will lead to a more correct answerand that it is often necessary to analyse samplesfrom relatives of the spouse to derive an informativeresult.
 EXAMPLE 2This example (fig 7) illustrates the typically encoun-tered situation in which the affected parent is dead.Although it is often possible to reconstruct parentalphase from other affected members in the pedigree,in this case the predictive test result is uninformativebecause the affected parent may be homozygous forD4S10 (carrier probability=57.2%). One may beable to increase the informativeness by typing moreRFLPs. Suppose the test subject in fig 7 hadunaffected sibs. Typing their DNA might reveal thatthe affected parent is heterozygous for D4S10, thusshowing that the test subject is probably an HD genecarrier. However, one must resist the temptation totype sibs, who do not wish to know their HD status,sequentially because it may necessarily reveal theirdiagnosis in order to provide an informative resultfor the consultand. If all samples are collected andanalysed simultaneously, this situation can beaverted.
 EXAMPLE 3Fig 8 shows a family in which two consanguineousgrandparents have HD. Thus each of the offspringin generation V are at risk of being a homozygote
 Bi Bi B1 B1Gl Gl Gl GIHi HI Hi Hi
 FIG 7 HD pedigree yielded an uninformative test result.The mean age at onset ofthe illness is 42 years. See fig Sforexplanation ofpedigree symbols and marker haplotypes.
 IV
 IIIX
 V <4 oAl Al Al Al A1 A2 A1 A2G 1 G1 G 1 G2 GG2 G G2H 1Ht2 H |H2 HS 2 H2 H2
 VI 4>0iA2 A1 /A2 Al Al AlG2 G1 G2G1 1GH2 I 1 112 12 H2 H
 FIG 8 HD pedigree with complexfamily structure.Grandparents of the consultand. VI.2, are second cousins.See fig Sfor explanation ofpedigree symbols and markerhaplotypes. Sexes are not disclosed to protect the identity ofthe family. Note that there is at least one crossover betweenHD and D4S10.
 for HD. The HD gene in such homozygotes is saidto be identical by descent (IBD). The natural historyof HD in this family is fairly typical. The mean ageat onset is 38 years and no persons experienced anunusually early onset or rapid progression of symp-toms. Although one would expect more severeexpression in a person homozygous for a dominantdisorder, HD is evidently a true Mendelian domi-nant trait.5' At birth, subject VI.2 had a 67%chance of inheriting at least one mutant HD allele,taking into account the probabilities that subject V. 1is heterozygous or homozygous for HD; the riskincreased to 75% when his sib became affected buthas diminished slightly from that because he isunaffected at the age of 42 years.
 Linkage analysis showed that there was at leastone obligate crossover between HD and D4SJO; aminimum of two different haplotypes for D4S10 aresegregating with HD. Interestingly, subject V.5 isasymptomatic at an advanced age (age not given toprotect identity) but has an identical phenotype forD4SJO as sib V.7. Assuming that this person doesnot have the gene for HD, this linkage phase couldhave resulted if a crossover occurred between HDand D4SJO in one of his ancestors, or if both IV. 1and IV.2 were homozygous for D4S1O.
 585
 copyright. on 11 July 2018 by guest. P
 rotected byhttp://jm
 g.bmj.com
 /J M
 ed Genet: first published as 10.1136/jm
 g.25.9.577 on 1 Septem
 ber 1988. Dow
 nloaded from
 http://jmg.bmj.com/

Page 10
						
						

Lindsay A Farrer, Richard H Myers, L Adrienne Cupples, and P Michael Conneally
 The consultand, VI.2, was typed for D4S10, butthe phenotype is not disclosed in fig 8 for reasonsof confidentiality. Although there are many possi-bilities for the phenotype, the inferred haplotypeinherited from the affected parent was one of thetwo possessed by V.5 and V.7 (that is A1/G2/H2 orA2/G2/H2). The consultand also inherited theA1/G1/H2 haplotype from the unaffected parent. Ifsubject VI.2 inherited the A1/G2/H2 haplotype, hewould have a 75% risk of being a non-carrier, a 25%risk of being heterozygous for HD, and a 0% risk ofbeing an HD homozygote. If he inherited thealternative haplotype, the probabilities for being anon-carrier, HD heterozygote, and HD homozygoteare 38%, 62%, and 0%, respectively. Only theresult in the first case is sufficiently different fromprior Mendelian expectations to be useful forcounselling purposes. Although HD by HD matingsare uncommon, there are many more instances ofconsanguineous unions in which an affected subjecthas had offspring with a relative at risk for HD.
 Conclusions
 Since the discovery of linkage between HD andD4SO,' geneticists have been concerned that pre-symptomatic testing using the G8 probe would beconducted without conclusive evidence that thesetwo loci are linked in all families. Genetic hetero-geneity was suspected on several grounds. First, thedisorder is prevalent in many diverse populations,including a few genetic isolates, and it has beenassumed that there was no contact betweenmembers of these groups. Given the wide variabilityin symptoms and age at onset, one might assumethat the HD phenotype is caused by mutations atmore than one locus, as observed in other inheritedneurological disorders such as muscular dystrophyand Charcot-Marie-Tooth disease. However, thereis now overwhelming evidence that there is only asingle locus for HD on chromosome 4. Conneally52summarised recent epidemiological studies whichsuggest that the HD mutation, even in geneticisolates, can be traced to emigrants from northwestern Europe. Moreover, linkage has been docu-mented in phenotypically and racially diversekindreds.53The genetic linkage test for predicting HD gene
 carrier status in persons at risk for the disorder is nota routine diagnostic procedure. Because a linkagetest requires participation by other family members,many of whom are also at risk, problems ofconfidentiality, family relationships, diagnosis, andadministration are magnified several fold. Theanomalous patterns associated with delayed onset of
 the disorder must be considered in the linkageanalysis for the result to be accurate. Properadjustment for age at onset is not difficult but inmany cases is not trivial. In most situations thecalculation of the probability warrants use of acomputer program. Although the marker linked toHD, D4S10, is very polymorphic, chance non-segregation of the marker in key portions of a familymay yield an uninformative test result. Testing usingnew markers32-34 will increase the proportion ofinformative results and the accuracy of resultsoverall.A complete pre-test and post-test counselling
 protocol is strongly recommended to investigate thepsychological status and support mechanisms for theconsultand and to cushion the impact of the testresult even if it is negative for HD. Arrangementsshould be made for those persons who will requirelong term psychiatric care. A research protocol forthe complete testing programme has been im-plemented and carefully scrutinised.14 Despiteseveral unanticipated problems in HD testing, it is auseful paradigm for others who plan to beginpresymptomatic diagnosis of HD.
 Finally, the considerations outlined in this paperreflect the current state of affairs in HD. They arepremised on the facts that the HD gene cannot beexamined directly and there is neither a cure noreffective treatment for the disease. Our capacity tohelp persons who are identified as carriers is alsolimited because this test does not predict whetheronset of symptoms will occur in a few months or aslong as several decades in the future. Advances inmolecular genetics and neurochemistryl0 may makesome of these considerations obsolete within severalyears. One technique, positron emission tomo-graphy (PET), shows promise for determining whena presymptomatic HD gene carrier is likely tomanifest the disease. In two independent studies itwas observed using PET and [18F]fluorodeoxyglucosethat symptomatic patients in early stages of thedisease have reduced glucose metabolism in thecaudate nuclei.21 54 Mazziotta et a121 also studied agroup of subjects at risk aged 18 to 58 years. Theyfound excellent agreement between the predictedpercentage of carriers based on age and sex adjustedrisk estimates and the percentage with metabolicabnormalities of the caudate nuclei detected withPET. However, a more recent study of subjects atrisk who were evaluated with PET has shown thatthis technique is at present unreliable for presymp-tomatic carrier detection.55 Regardless of this,refinement of this method may prove valuable forcounselling carriers identified by linkage and fortesting hypotheses about the pathophysiology of thedisease and treatment.
 586
 copyright. on 11 July 2018 by guest. P
 rotected byhttp://jm
 g.bmj.com
 /J M
 ed Genet: first published as 10.1136/jm
 g.25.9.577 on 1 Septem
 ber 1988. Dow
 nloaded from
 http://jmg.bmj.com/

Page 11
						
						

Considerations in using linkage analysis as a presymptomatic test for Huntington's disease
 This work was supported in part by USPHS grantsN01-NS-9-2320 (Research Roster for HuntingtonDisease Patients and Families) and NS-16367-07S1(Huntington Disease Center Without Walls), and agrant from the Massachusetts Huntington DiseaseAssociation of America. We thank Rudolph Tanziand Dr James Gusella for their help in constructingtable 2.
 References
 lGusella JF, Wexler NS, Conneally PM, et al. A polymorphicDNA marker genetically linked to Huntington's disease. Nature1983;306:234-8.
 2 Conneally PM, Wallace MR, Gusella JF, Wexler NS. Hunting-ton disease: estimation of heterozygote status using linkedgenetic markers. Genet Epidemiol 1984;1:81-8.
 3 Wexler NS, Conneally PM, Housman D, Gusella JF. A DNApolymorphism for Huntington's disease marks the future. ArchNeurol 1984;42:20-4.
 4Botstein D, White RL, Skolnick M, Davis RW. Construction ofa genetic linkage map in man using restriction fragment lengthpolymorphisms. Am J Hum Genet 1980;32:314-31.
 5Bates M. Ethics of provocative test for Huntington's disease.N Engl J Med 1981;304:175.
 6 Mastromauro C, Myers RH, Berkman B. Attitudes towardpresymptomatic testing in Huntington's disease. Am J MedGenet 1987;26:271-82.
 7Bains W. Legal problems of Huntington's chorea tests. Nature1986;322:20.Craufurd DIO, Harris R. Ethics of predictive testing forHuntington's chorea: the need for more information. Br Med J1986;293:249-5 1.
 9Kolata G. Genetic screening raises questions for employers andinsurers. Science 1986;232:317-9.Martin JB, Gusella JF. Huntington's disease: pathogenesis andmanagement. N Engl J Med 1986;315:1267-76.Lamport AT. Presymptomatic testing for Huntington chorea:ethical and legal issues. Am J Med Genet 1987;26:307-14.
 12 Shaw MW. Invited editorial comment. Testing for the Hunting-ton's disease gene: a right to know, a right not to know, or aduty to know. Am J Med Genet 1987;26:243-6.
 13 Smurl JF, Weaver DD. Presymptomatic testing for Huntingtonchorea: guidelines for moral and social accountability. Am JMed Genet 1987;26:247-57.
 14 Meissen G, Myers RH, Mastromauro C, et al. Predictive testingin Huntington's disease with use of a linked DNA marker.N Engl J Med 1988;318:535-42.
 15 Farrer LA. Suicide and attempted suicide in Huntington disease:implications for preclinical testing of persons at-risk. Am J MedGenet 1986;24:305-12.
 16 Farrer LA. Suicide and presymptomatic testing in Huntingtondisease. Am J Med Genet 1987;26:319-20.
 7 Kessler S. The dilemma of suicide and Huntington disease. Am JMed Genet 1987;26:315-7.
 18 Kessler S, Field T, Worth L, Mosbarger H. Attitudes of personsat risk for Huntington disease toward predictive testing. Am JMed Genet 1987;26:259-70.
 '9 Meissen GJ, Berchek RL. Intended use of predictive testing bythose at risk for Huntington disease. Am J Med Genet1987;26:283-94.
 20 Markel DS, Young AB, Penny JB. At-risk person's attitudestoward presymptomatic and prenatal testing of Huntingtondisease in Michigan. Am J Med Genet 1987;26:295-306.
 21 Mazziotta JC, Phelps ME, Pahl JJ, et al. Reduced cerebralglucose metabolism in asymptomatic subjects at risk for Hunt-ington's disease. N Engl J Med 1987;316:357-62.
 22 Folstein SE, Leigh RJ, Parhad IM, Folstein MF. The diagnosisof Huntington's disease. Neurology (Minneap) 1986;36:1279-83.
 23 Hayden MR. Huntington's chorea. New York: Springer-Verlag,1981.
 24 Harper PS, Sarfarazi M. Genetic prediction and family structurein Huntington's chorea. Br Med J 1985;290:1929-31.
 25 Conneally PM, Gusella JF, Wexler NS. Huntington's disease:linkage with G8 on chromsome 4 and its consequences. In:Medical genetics: past, present, future. New York: Alan R Liss,1985:53-60.
 26 Quarrell OWJ, Meredith AL, Tyler A, Youngman S, UpadhyayaM, Harper PS. Exclusion testing for Huntington's disease inpregnancy, using a closely linked DNA marker. Lancet 1987;i:1281-3.
 27 Hayden MR, Hewitt J, Kaselein JJP, et al. First-trimesterprenatal diagnosis for Huntington's disease with DNA probes.Lancet 1987;i: 1284-5.
 28 Gusella JF, Tanzi RE, Bader PI, et al. Deletion of theHuntington's disease-linked G8 (D4S10) locus in Wolf-Hirschhorn syndrome. Nature 1985;318:75-8.
 29 Magenis RE, Gusella J, Weliky K, et al. Huntington discase-linked restriction fragment length polymorphism localized with-in band p16.1 of chromosome 4 by in situ hybridization. Am JHum Genet 1986;39:383-91.
 i Wang HS, Greenberg CR, Hewitt J, Kalousek D, Hayden MR.Subregional assignment of the marker G8 (D4S10) for Hunting-ton disease to chromosome 4pl6.1-16.3. Am J Hum Genet1986;39:392-6.
 31 Haines JL, Tanzi R, Wexler N, et al. No evidence of linkageheterogeneity between Huntington disease (HD) and G8(D4S10). Am J Hum Genet 1986;39:156A.
 32 Gilliam TC, Bucan M, MacDonald ME, et al. A DNA segmentencoding two genes very tightly linked to Huntington's disease.Science 1987-238:950-2.
 33 Hayden MR, Hewitt J, Wasmuth JJ, et al. A polymorphic DNAmarker that represents a conserved expressed sequence in theregion of the Huntington disease gene. Am J Hum Genet 1988;42:125-31.
 4 Wasmuth JJ, Hewitt J, Smith B, et al. A highly polymorphiclocus very tightly linked to the Huntington's disease gene.Nature 1988;332:734-6.
 35 Chakravarti A. Utility and efficiency of linked marker genes forgenetic counselling. III. Proportion of informative familiesunder linkage disequilibrium. Am J Hum Genet 1983;35:592-610.
 `6 Farrer LA, Bonne-Tamir B, Frydman M, et al. Predictinggenotypes at loci for autosomal recessive disorders using linkedgenetic markers: application to Wilson's disease. Hum Genet (inpress).
 37 Gusella JF, Gilliam TC, Tanzi RE, et al. Molecular genetics ofHuntington's disease. Cold Spring Harbour Symp Quant Biol1986;51:359-64.
 3X Carlock LR, Vo TD, DeHaven CR, Murray JC. An anonymousgenomic clone that detects a frequent RFLP adjacent to theD4S10 (G8) marker and Huntington's disease. Nucleic AcidsRes 1987;15:377.
 39 Hodge SE, Spence MA, Crandall BF, Sparkes RF, Crist M,Tideman S. Huntington disease: linkage analysis with age-of-onset corrections. Am J Med Genet 1980-5:247-84.
 40 Morton LA, Kidd KK. The effects of variable age-of-onset anddiagnostic criteria on the estimates of linkage: an example usingmanic depressive illness and color blindness. Soc Biol 1980;27:1-10.
 41 Heimbuch RC, Matthysse S, Kidd KK. Estimating age-of-onsetdistributions for disorders with variable onset. Am J Hum Genet1980;32:564-74.
 42 Cupples LA, Terrin NC, Myers RH, D'Agostino RB. Usingsurvival methods to estimate age at onset distributions forgenetic disease with an application to Huntington's disease.Submitted.
 587
 copyright. on 11 July 2018 by guest. P
 rotected byhttp://jm
 g.bmj.com
 /J M
 ed Genet: first published as 10.1136/jm
 g.25.9.577 on 1 Septem
 ber 1988. Dow
 nloaded from
 http://jmg.bmj.com/

Page 12
						
						

Lindsay A Farrer, Richard H Myers, L Adrienne Cupples, and P Michael Conneally
 43 Kaplan EL, Meier P. Nonparametric estimation from incom-plete observations. J Am Stat Assoc 1958;53:457-81.
 44 Farrer LA, Conneally PM. A genetic model for age at onset inHuntington disease. Am J Hum Genet 1985;37:350-7.
 45 Newcombe RG. A life table for onset of Huntington's chorea.Ann Hum Genet 1981;45:375-85.
 4 Ott J. Estimation of the recombination fraction in humanpedigrees: efficient computation of the likelihood for humanlinkage studies. Am J Hum Genet 1974;26:588-97.
 47 Hodge SE, Morton LA, Tideman S, Kidd KK, Spence MA.Age-of-onset correction available for linkage analysis (LIPED).Am J Hum Genet 1979;31:761-2.
 4 Lathrop GM, Lalouel JM, Julier C, Ott J. Multilocus linkageanalysis in humans: detection of linkage and estimation ofrecombination. Am J Hum Genet 1985;37:482-98.
 49 Lathrop GM, Hooper AB, Huntsman JW, Ward RH.Evaluating pedigree data. I. The estimation of pedigree error inthe presence of marker mistyping. Am J Hum Genet 1983;35:241-62.
 5 Jeffreys AJ, Brookfield JFY, Semeonoff R. Positive identi-fication of an immigration test-case using human DNA finger-prints. Nature 1985;317:818-9.
 S' Wexler NS, Young AB, Tanzi RE, et al. Homozygotes forHuntington's disease. Nature 1987;326:194-7.
 52 Conneally PM. Huntington's disease: genetics and epidemiology.Am J Hum Genet 1984;36:506-26.
 53 Folstein SE, Phillips JA, Meyers DA, et al. Huntington'sdisease: two families with differing clinical features show linkageto the G8 probe. Science 1985;229:776-9.
 5 Hayden MR, Martin WRW, Stoessl AJ, et al. Positron emissiontomography in the early diagnosis of Huntington's disease.Neurology (Minneap) 1986;36:888-94.
 5 Young AB, Penny JB, Starosta-Rubinstein S, et al. Normalcaudate glucose metabolism in persons at risk for Huntingtondisease. Arch Neurol 1987;44:254-7.
 Correspondence and requests for reprints to DrLindsay A Farrer, Department of Neurology, Bos-ton University School of Medicine, Suite 1105, 720Harrison Avenue, Boston, Massachusetts 02118,USA.
 588
 copyright. on 11 July 2018 by guest. P
 rotected byhttp://jm
 g.bmj.com
 /J M
 ed Genet: first published as 10.1136/jm
 g.25.9.577 on 1 Septem
 ber 1988. Dow
 nloaded from
 http://jmg.bmj.com/



					
LOAD MORE                                    

            


            
                
                

                

                
                
                                

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Informativo AGERT 577

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            3946 (4): 577 582   Article · PDF file3946 (4): 577 582   Article

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Celsona 577

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            OF THE ROYAL ARMY MEDICAL CORPS.jramc.bmj.com/content/jramc/18/4/87.full.pdfJOURNAL OF THE ROYAL ARMY MEDICAL CORPS

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Express 577

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            L'Informador 577

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Ecodias 577

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            J Y M D MI 48202 577-4605 577-3266

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            API 577 TRADICI

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Snippetz Issue 577

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            577 Exercise

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Friendly Word 577

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            one piece 577

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            L'Hebdo n°577

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Decreto 577 - 815

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            ASSESSORS' HANDBOOK SECTION 577, ASSESSMENT OF GENERAL · PDF file · 2010-11-18AH 577 i November 2003 FOREWORD Assessors' Handbook Section 577 (AH 577), Assessment of General Aircraft,

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            mangá 577 pronto

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Nuestro Tiempo 577

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Edicion Impresa 577

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            OSO – Linha 577

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Boletim 577

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            577 Jerusalem

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            EffectofAcutepHChange onSerumAnionGap1’2’3jasn.asnjournals.org/content/7/2/357.full.pdfJournal oftheAmerican Society ofNephrology 357 EffectofAcutepHChange onSerumAnionGap1’2’3

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Треугольник № 577

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Intelligent Assembly Solutions · Dukane Manual Part No. 403-577-00 General Considerations Please observe these health and safety recommendations for safe, efficient, and injury-free

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Al Mumtaz 577

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            2012 - Onslow Memorial Hospital · Cardiac Rehab 577-2952 Occupational Therapy 577-2372 Physical Therapy 577-2372 Speech Therapy 577-2372 Respiratory 577-2680 Security 577-2300 Sleep

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Api 577 2004

                            Engineering
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            FEMA 577: Chapter 1: Hospital Design Considerations

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Edição 577

                            Documents
                        

                    

                                            

        

    


















    
        
            	About us
	Contact us
	Term
	DMCA
	Privacy Policy


            	English
	Français
	Español
	Deutsch



            
                

				STARTUP - SHARE TO SUCCESS

									
							


					

				            

        

    














	



