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Ahstract 

A genetic epidemiological approach was used to study inherited susceptihility as 

a risk factor for tuherculous disease follow.ng infection with Mycobacteriwn lllberculosis. 

based on an experimental mouse model, the hypothesis \Vas that a human recessive 

susceptihility genc is located on the long arm of chromosome 2 and has a major effect 

on the development of discase. 

Clinical and genetic data from family memhers were used in linkage analyses with 

the lou 'icore method to test for co-segregation of genetic markers and the susceptibility 

trait. E,,'idencc for linkage to the candidate chromosome region was obtained for a large, 

multiplc)\ Ahoriginal Can:ldian family who experienœd a tllberculosis epidemic in 

19H7-198'\\. Evidence against linkage was found in 16 smalkr families from Colombia 

and Hong :\:ong, who had endemic but not epidemic exposure. The results suggestt:d that 

the functiotti of a chromosome 2 susceptihility gene may be more important in an 

epidemic situ ation. 

---------------------------------------------------
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Resume //~ 

Une approche épldémiologique fut utilisée pour étudier la susct'ptibd~~;tiqLle 

de développer la tuberculose-maladie suite il une infcction aVl'l:,..:Wt\/l'llbal'tt'l jUill 

tuberculosis, A partir d'un modèle expérimental chcz la SOlll~~YI~:'dl' voulait vt;lilit'l 
.~ _. 

l'hypothèse de rexistenc~·r)'un .~l~~è~~. r~ce~~~LfJk..>-:~.:t:i)iihilité à la tuht'Il'ulllsl' si t Ill: SUI 

la bras q du chromosome 2 qui aurait une influcnce majclllc SUI la pwhahilité dt, 

développer la maladie suite à l'infection, 

La méthode lad score a été utilisée lOIS dc l'ana~yse dt' liaison dcs données 

cliniques et génétiques des membres des familles étudiécs afin de démontici la 

ségrégation des marquers génétiques avec le statut dl' susceptibilité, Les élénH.'nts l'Il 

faveur d'une liaison génétiqve avec la région chromosomique-candidatc ont dé ohlt'nlls 

dans une grande famille Autochtone du Canada ayant connu plusicls cas dt' tullL'lclilost' 

en contexte épidémique entre 1987 et 1989. Les éléments allant à l'cncontlc dt, la liaison 

génétique ont été obtenus dans 16 petitt,s familles dl' Colombie cl dl' Iiong Kong 

exposées en contexte endémique plutôt qu'épidémique, Ces résultats suggl'It'nt 'Iut' la 

fonction d'un allèle de susceptibilité au chromosome 2 serait plus importantc cn contt.'xlt.' 

épidémique . 

-------
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Preface 

This thesis presents a linkage analysis study of tuhl'rculosis in familÎl's fllllll tlm'l' 

continents. The primary objective of the sludy wa', tll test 1'01 linkagc of lhsl'asl' 

susceptibility 10 loci jocated on the long :l\In of hUl11an clironwsollle 2, basl'd on an 

experimental mouse model of the early immune It.'sponse to IItvcol)tlclel illl1l hOl'IS, 

developed by researchers in the McGiIl Cenlre for the Study of llost Resistance (diH.'l'((H, 

Dr. E. Skamene). In mice, control over growth of M. hovis in the filst thlt't' wccks aftcf 

intra-venous inoculation is determined hy a single, dominant gent' called Bc~, localized 

to a region of mou se chromosome 1 that shows linkage cnnservation with a fcgion 01 

human chromosome 2q (Gros et al., 1981; Schurr et al., 1990h). The Bcg gl'I\l' is 

expressed in mature macrophages; these cells have a significant roll' in the l'arly Il'sponst' 

to mycobacterial infection, prior to cell-mediatcd immunity (Gros et al., 19~B). Evidenct' 

for a disease susceptibility gene in familics infccted with MycontlcterÎII111 whcu:ll[o.\lS 

could lead ta a better understanding of the interactions between the host and the infccting 

organism and the applicability of animal genetic mode\s 10 the study of CCI tain hlllll:ln 

infectious diseases. 

The collection of the study families was carried out hy investigators in Canada, 

Colombia, and Hong Kong in the late 1980s. Molecular genetic analysis was carricd out 

at the Montreal General Hospital Research Institute hetween 1988 and 1994 in the 

laboratories of Dr. K. Morgan and Dr. E. Schurr, under the supervision of Ms. M. 

Fujiwara and Dr. E. Schurr, respectivcly. 1 hecame involved in the study in 1992, at 

which time a database had been designed and managed hy Ms. L. Simkin, and cO/llaincd 

disease and marker typing data for the 19 families in the sludy population. Additional 

typing data was generated as the study continued. The datahase management and linkage 

analysis were carried out in the Computer Core Facility for Genetic Data Analysis of the 

Canadian Genetic Diseases Network of Centres l)f Excellence, undcr the supervision of 

Dr. K. Morgan. 

The five Colombian and the 13 Hong Kong families that cOllstitllte the 

international study population reside in regions with high endemic rates of tuhcn.:ulosis; 

these rates have remained fairly stable or decreased over the past thirty years. In 
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comparison, the Aboriginal Canadian family in the study was recently exposed to a 

tuherculosis epiùemic, during 1987 to 1989, and the majority of the family memhers pad 

no evidencc of mycohacterial exposure prior to the outhleak. This family was originally 

,L'icertained in 1989 for a stlldy of diagnostic tests for tuherclliosis and linkage analysis 

with HLA-A, -B, and -C typing, as part of a Master's thcsis in the Department of 

Epidemiology and Biostatistics, McGill University (Miller, 1991). 

The selection, diagnosi:" and hlood sampling of the Colombian and Hong Kong 

t'amilies, as weil as the collection of pedigree diagrams, was carried out hy two 

collahorating centres following ethics approval, under the supervision of Dr. L. GarCIa, 

Universidad de Antioquia, Medellin, Colombia and Dr. D.A. Higgins, University of Hong 

Kong, Hong Kong. Preparation of ~amples from these families was carried out both 

internationally and in Dr. E. Schurr's laboratory at the Montreal General Hospital 

Research Institute. The Ahoriginal Canadian family was located through Alberta Health 

Tuherculosis Services (director, Dr. E.A. Fanning) which provided extensive clinical 

details from the outhreak investigation. Informed consent for blood sampling, genetic 

testing, and medical chart review was obtained and collection of blood samples and 

pedigree structure was carried out hy Dr. M. Miller, Dr. E.A. Fanning and Dr. E. Schurr 

in Septemher, 1989. Clinical status of the Canadian family members was determined by 

Dr. M. Miller with the assistance of Dr. E.A. Fanning and was used in the present thesis. 

1 was responsible for the data verification and management of the existing 

datahase. In addition, 1 developed a detailed questionnaire for the collaborators in 

Colombia and Hong Kong to document the family selection and collection methods, as 

weil iL'i to validate the clinical and epidemiological data. 1 updated the database with the 

clinical phenotype information ~md the additional genetic marker results. 1 also 

participated in the reading of lahoratory data with Ms. J. Liu, Ms. AJ. Paradis, and Ms. 

N. Buu, and cstablished communication with the contact Canadian family member to 

contirm the stlUcture of the pedigree. 1 developed the genetic models for the analysis and 

was tesponsihle for pcrforming the linkage analysis of the study families. 1 interpreted 

the results and completed the write-up of the thesis. In May 1994, 1 participated in 

tieldwork with Dr. E.A. Fanning and Dr. E. Schurr in several rural Canadian communities 
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to revisit the Aboriginal Canadian family, disc\lsS the n.'sult .. of tht' PII)Jt'l't \\'Ith tht' family 

members, collect additional blond Sal!lplt's for future Il'sl':lIch. and wllry the pedlgll'l', 

At the time 1 began the project, linkage an:llysis \\'as l'ho~l'n as thr: ~tudy Illl'thod 

because a specitïc chromosomal region had bt'en idcntilkd a .. the 1ll()~1 likl'iy It'gilln to 

contain a human homologue of the mouse Bcg gl'l1t" hut a candidate human "IK '(," gCl\l' 

had not been found. This metlll1d Cl)uld be used 10 t'Xamilw human !'amiltl's \Vith disl'a"l'd 

members for co-segregation of the cl mical disease tl ait and gl'nl'l ir 1\1:11 kl'I s i Il t hl' Il'glon 

of the candidate gene, without knowing if the homologolls human gl'Ill' (hd l'XI~t The 

maximum likelihood or lod sC,)le method of linkage analysis was used bl'l'au~l' it has the 

potential to be much more powerful than non-pawlllctIic techniques. Sinn' the lod SCOll' 

method requires the specificatIOn of a mode! of disease inhelltance and tuhell'lliosis is a 

complex, multi-factorial dlsease, a secondary objective of the thesis was to CllllsH.ler the 

advantages and limitations of the chosen method of analy~is of tht: data. 

This thesis has five sections, ln section 1, a summ:lly of the dimeal ami 

epidemiological features of tuberculosis is presented, fo!lowcd hy a review (If tht' 

literature that addresses the role of genetic factors in sllsccptihility to the disca~t:', Tht' 

section concludes with a detailed introduction to linkage analy:-.is. At the t'nd ni this 

section is a presentation of the lcSUItS from two recent linkage studil's or human 

mycobacterial disease. Section 2 detines the objectives of the Ihesi.~, whilc sections :\ ami 

4 describe the methods and the results, respectively. The final scctlOn presents a 

discussion of the findings and lists the major conclusions of the !ltully . 

........................ ________________ eeeeeeeeeeeeee---------------------- ------

" 
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SECfION 1: LITERA TURE REVIEW 

1.1 Tuberculosis 

1.1.1 Etiology and clinicat features 

Tuberculosis is a communicable disea..o;;e resulting l'rom infection with the :IclOhic 

bacillus A-lycobacterium tubercu/osis or, less commonly, with Mycohlicterlllf1l hOl'IS 

present in non-pasteurized milk of diseased caltle. M. IIIhcrm/m;s is lIsllally transmillcd 

through air exhaled from a diseased pel son to others in close proximity. Tht' lungs :1It' 

the usual site of the primary infection but the bacilli l'an be spread in the cil<:ulatoly 01 

Iymphatic systems to any tissue or organ. 

Following inhalation of M. tubercu/osis into the alveolar regions of the lungs. the 

bacilli are ingested by alveolar macrophages. The pathogenicity of the mycobadcl ia 

depends on their ability to survive and multiply within the host; the immullocompctent 

host, in turn, defends itself by restricting bacterial growth and creating a low oxygl'n 

environment in the infected region (Grosset, 1993). Maclophagcs gain the ability to 

destroy rnycobacteria through activation, either non-specifically as a rl'sult of the ingestIOn 

of I1rganisms and cells, or specifically through intclaction with lymphokines released hy 

T lymphocytes (Dannenberg, 1989; Nardell, 1993). 1 f the alveular macrophages, havi ng 

acquired varying levels of microbicidal activity, fail to destroy the hacilli the infecting 

organisms will continue to multiply until they can no longer he contained intracclllliarly 

(Nardell, 1993). Immature macrophages from the circulation are attracted to the area hy 

the freed bacilli, chemotactic stimuli, and cellular debris (Danncnherg, 1 ()X{)). 

Within 3-8 weeks after infection cell-mediated immunity devclops, signalled by 

the accumulation of specifically sensitized T lymphocytes and activatcd macrophages. 

Delayed-type hypersensitivity, a form of cell-mediatcd immunity, arises at the same lime 

and involves cytotoxic T cells (Dannenberg, 19X9). As a reslIlt of thcse immunologic 

processes the lung tissue in the infected region hecomes semi-solid and acqllires low 

oxygen tension, a process known as cm,eous necrosis (Grosset, 1993). In addition, 

immature or impaired macroph&ges are destroyed by T ceJls, facilitating the re\case of 

bacilli which can then be killed mNe cfficiently by activated macrophages (Kaufmann, 

1993). The development of delayed-type hypersensitivity in immllnocompctent hosts i~ 

~--------------------------------------------------
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associated with the formation of a positive skin reaction to the injection of a purified 

protein derivative (PPO) of M. luhercu/osis (Ounlap and 8riles, 1993). The induration 

that devdops within 48-72 hours after cutaneous injection of PPD on the forearm is used 

to indicate a past infection with mycobac[eria in an individual who has not received an 

anti-tuberculosis vaccine. Vaccination with an attenuated strain of M. hovis (the bacille 

Calmette-Guérin or BCG vaccine) is thought to sensitize T cells in a manner similar to 

previous mycohacterial infection. Vaccination also results in a positive skin reaction to 

PPO for a period of time; the reaction likely diminishes within 10 years for most of those 

vaccinated after infancy (Menzies and Vissandjee, 1992). 

The clinical course of an infection with M. luberculosis depends on the extent of 

mycobacterial virulence and adequate h08t re8ponse (Dannenherg, 1989). Approximately 

5% of infected, immunocompetent individuals develop tuherculous disease in the first two 

years following infection and another 5% at sorne point in their lifetime (Styblo, 1991). 

Those who deve10p disease soon after infection, presumahly as a direct result of an 

inahility to contain the bacilli, can be said ta have primary disease. Previously infected 

individuals who develop disea3e at a later time following a new infection with 

M. tuherculosis have re-infection disease. 

If growtl of bacilli can be controlled within the caseous lesion, mature 

macrophages accumulate to contain the focus in a granuloma form (Nardell, 1993). 

8acilli enc10sed within granuloma can remain dormant but viable for decades; the bacilli 

can retain the ahility to reactivate the disease process at a later time if the hast becomes 

immunocompromised, leading ta reactivation disease. At the same time, the development 

of cell-mediated immunity against the bacilli protects the host against re-infection because 

previously sensitized T cells can rapidly respond to the presence of mycobacteria; this 

resistance, although long-lasting, wanes with time (Stead, 1989; NardeIl, 1993). 

If mycohacteria are able to multiply in an uninhibited manner within the primary 

lesion, the granuloma will hreak down and the infected region will enlarge (Dannenberg, 

1989). in the presence of high levels of bacilli, the delayed-type hypersensitivity response 

in an irnmunocompetent host will tend to be detrimental, leading to softening and 

liquefaction of the caseous focus and the development of ca .. hies in the lung as expanding 
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necrosis erodes a bronchus and the Iiquid suhstance is drained (N:mkll, 19\)J). TIlt' 

process of iiquefaction determines to a great cxtent whl'lhcr tubt'lCulolls disl':\sl' will 

ensue, particularly for adults (Moulding, 1988). In liqudied rl'gions, nxygcll !t'nSIUI\ 

increases greatly and favours bacillary growth. Lung l'avities :lIe clIndul"Î\'l' tn the 

dissemination of bacilli to other regions both within the lung and elst'whcrc in the hndy, 

and can facilitate the discharge of M. tubercu/osis into the airways. In addition, tlll' 

intense multiplication of bacilli leads to a large population of organisms. Thc 1:lIgl'l tlll' 

bacillary population, the more likely it is thal mutant, thug resistant mycohaCll'lia will 

arise; the proportion of resistant mutants in normal strains langes l'rom 1 in 10' 10 

1 in 108
, depending on the drug (Grosset, 1993). 

The clinical form of tuberculous ùisease which deve\ops in a sllsL'eptihil' hoSI 

depends on the extent to which mycobacterial growth is restrictcd (Comslock and 

O'Brien, 195\1). For aH disease outcomes, symploms can inc1l1de c11101lÎC fatigue, wl'ight 

loss, and fever. Cavitary disease is often signalleù hy the presence of blond in the 

sputum, known as haemoptysis (Ravikrishnan, 1992). Immunocompetellt adults :1Il' IllOle 

likely to contain the disease in the lungs than chi Idren or those with complOllI ised 

immunity. In an immunocompetent but previously infectcd adult, the devclllpmcnt of 

disease often leads to a fairly innocuous, self-Iimiting ililless (Nardell, 1(93), associaled 

with chronic weight loss and fatigue. 

When the mycobacteria disseminate outside the IUllg, they tend !o seule in well­

vascularized regions of the body such as the kidney and meninges, producing 

extrapulmonary disease (Dunlap and Briles, 1993). Extrapulmonary tuhcrculosis orcurs 

in about 15% of tuberculosis p~tients in countries with low prcvalcncc of M. lIlhercu/o.\is 

infection (Bloom and Murray, 1992). As a result of several factors, including il 11Igh 

prevalence of undemourishment and concomitant diseasc, tuherculosis in the devcloping 

world is often severe and associated with a larger proportion of extrapulmonary forllls of 

the disease and severe wasting (Christie, 1987). 

Miliary tuberculosis is characterized by massive spread of hacilli and the formation 

of many small, granulomatous lesions in the lung and elsewhcrc (Dunlap and Bnles, 

1993). The miliary form occurs most frequently in young children with prirnary diseasc, 
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but can also be seen in reactivation cases (Moulding, 1988). Child patients under 4 years 

also have a high incidence of extrapulmonary diseas~, particularly in the bones and joints 

or meninges (Jacobs and Starkc, 1993), presumably due to immature immune systems 

(Collins, 1993). Cavitary disease is rare in child cases 50 that bronchial secretions are 

usually low in numbers of bacilli (Moulding, 1988). Children tend to be less infectious 

than adult patjenl~ as they also produce limited sputum (Christie, 1987). 

In an immunocompromised host, su ch as a person with acquired immunodeficiency 

syndrome (AlOS), there is a deficiency in the cell-mediated immune response 50 that the 

skin test can remain negative, caseous necrosis does not develop, and bacilli tend to 

multiply uninhihited by macrophages. Early progression or reactivation of an infection 

with M. tuhercu/osis is thus much more Iikely and the c1inical manifestations of the 

disease will often be extIapulmonary or miliary. In the United States, the risk of 

tuberculosis for a skin test positive individual infected with human immunodeficiency 

virus (HIV) has heen estimated at about 8% per year (Bloom and Murray, 1992). 

Tuberculous dlsease is diagnosed on the basis of c1inical signs, the chest X-ray, 

and analysis of body secretions for evidence of M. tuberculosis. Certain pulmonary 

changes ohsetvah\e by X-ray suggest primary disease, including infiltrates in the middle 

or lower regions where bacilli tend to be inhaled (Dunlap amI Brilcs, 1993), enlargement 

of Iymph nodes, and effusion intn the pleural spaœ (G1assroth, 1993). A case of 

reactivated disease can be signa!led by fibronodular changes in the well-oxygenated 

regions of the upper lobes and cavitation (Glassroth, 1993). Sputum and respiratory or 

gastric secretions are used to develop a stained smear to detect acid-fast bacilli under the 

microscope. Culturing of the specimen remains the diagnostic "gold standard" and is 

con~iderably more sensitive and specific than staining, but conventional techniques require 

weeks for the gellt:lation of a positive M. tuberculosis culture, because of the slow 

generation time of the mycohacteria (G1assroth, 1993). The most infectious cases wiII be 

those with large numbers of hacilli in their sputum and will be both culture and smedr 

positive for the mycobacteria (Rieder et al., 1989a). 

The skin test can be a useful tool to detect new infection in an individual at risk 

who has not been vaccinated with BCG. The false positive rate of the procedure likely 
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relates to the prevalence of non-tuherculous mycohacterial infections in the population. 

The eut-off for a positive result can be adjusted accon.1ingly but is orten set al ~ 10 mm 

of induration for young North Americans who are, in general, mOle likely to he t'xpllscd 

to other mycobacteria than to M. tuberculosis (Snider, 19H2). False negative results can 

arise because young children under 3 years often have iittle response 10 Ihe plOccdure, 

exposure could have been too recent, the person could be malnourished, 

immunocompromised, or have acute tuherculosis, the test may have heen administclcd 

incorrectly, or there rnay be olher unknown reasons (Bass, 1993). 

Without treatrnent, the case fatality for tuberclllosis has been estimatcd ht'lwccn 

40 and 60% (Bloorn and Murray, 1(92). Most ca.. ... es of tllherculosis aie cllIah\c with 

chemotherapy as long as pro!onged trealrnent is given to eliminate ail populatIOns uf 

bacilli, at least two drugs are prescribed to guard against the developmcnl of dlllg 

resistance, and patient compltance is high (O'Brien, 1(93). ShOlt-cOllIse, multi-tllllg 

therapies of 6 months have cure raIes of greater than 90% with compliallt patients (Bloom 

and Murray, 1992). The culture positive patient is uSlIally rendered non-infcdioliS fairly 

quickly, with conversion of the sputum culture to negative within 3 Illonths if hacilli arc 

not initially drug-resistant (O'Brien, 1993). A treatment regimell of 4 months duration 

is possible for persons with puimonary tuberculosis that have negative sputUI11 slllear and 

culture results before treatment is initiated (O'Brien, 1993). 

1.1.2 Risk factors 

The development of tuberculosis involves two distinct stages, specilka!ly, the 

acquisition of mycobacterial infection and the progression to signitïcant tuherculous 

ilIness (Cornstock, 1975). The role of genetic factors in the risk of dcvcloping 

tuberculosis is discussed in section 1.2. Other risk factors for tubcrculosis are grouped 

below according to whether they affect the development of tuherClilous infection or 

disease. 

The probability of developing a tuberculous infection depends on the risk of being 

exposed to M. tubercu/osis in the air or, in sorne parts of the world, 10 M. bovÎS in l1on­

pasteurizeà rnilk. In particular, lisk factors for inhalation of bacilli rdatt to the doscness 

and frequency of contact with an infectious person and the degree of infectiousness of the 

_____ 22 ______________________ · _________________ _ 

FE 
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source case (Comstock and Cauthen, 1993). Infection with M. tllberculoslS will therefore 

he more likely in regions with 11Igh prevalence of infectious cases, in overcrowded, 

poorly-ventilated living conditions, and with frequent, close exposure to sputum smear­

positive pcrsons. Approximately 25% of those exposed to infectious persons become 

infccted themselves (Dowling, 19(1), although this risk can be higher depending on 

ùuration of cxposure anù c10scness of contact. 

The risk of ùcveloping ùisease following infection relates to the 

immunocompetence of the host and the virulence of the mycohacteria. The bacilli may 

possess factors that confer an ahility ta escape the host's defenses (Collins, 1993); greater 

numhers of hadlli, cither initially or as a result of increased virulence, can trigger harmful 

delayed-type hypersensitivity responses in the host, facilitating tissue destruction 

(Dannenberg, 1999). Risk factors which tend to lower the immunocompetence of the 

infccted host or weaken lung tissue include the following: malnutrition, physical stress, 

immunosuppressive chemotherapy, and concomitant illness such as diabetes mellitus, 

auto-immune disease, silicosis, Iymphoma, renal failure, and parasitic, bacterial, or viral 

infections (Stead and Dutt, 1998; Schweinle, 1990; Collins, 1993). The higher risk of 

tuoerculosis among immigrant populations may relate, in part, to the effects of the stresses 

of the immigration proœss on latent infection and host defenses (Christie, 1987). 

When there is a high risk of tuberculous infection, an age variation is seen in risk 

of discase such that there is a peak in disease in infants and young children, followed by 

a second peak in young adults and a final peak in elderly persons (CHl1stock and 

O'Bnen 1(91), predominantly in males. The increased risk for older persons is also seen 

when risk of infection in general is low (Comstack and O'Brien, 1991), and Iikely relates 

to a highcr risk of previous Infection in this age group and the opportunistic effects of 

uccrcased immunocompetence on primary, reinfection. or reactivation disease (Gardner, 

1980). While the cause of the second, young adult peak is not known, the peak in young 

childrcn has bccn suggested to correspond more to the recency of infection rather than 

to immaturity of the host responsc to infection (Comstock, 1975). The risk of disease is 

greatcst in the tirst two years following infection (Sutherland, 1976; Dowling, 1991) . 
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1.1.3 Epidemiology 

Over the last century, the tuhen:ulosis incidence <lnJ death lait' have dtamalkally 

decreased in the developed world. The decline of the luhen:ulosis death laie in England 

and Wales began in the ISSOs and proceeded at ahoui 1 C?lJ a yeal lInlil the discllVl'ly of 

the tuberculous bacilli in 1882 (Ayvazian, 1993). The death lall' l'tom lubl'll'ulllsÎs was 

180/100,000 population in Cané!da and 188/100,()()() population in tlll' Unllcd St:'lt'S in 

1901 and 1904, respeclively (Thorpe, 1489; Bates and Stl'ad, 1993). By 1920 tht'St' latt'S 

were 87/100,000 in Canada and l{)O/lOO,OOO in United States, and mOltality flllthl'i 

decreased to 2.5/100,000 in Canada and 4/100,()OO in the Unill'd Siall's by 1%9 (Tholpe, 

1989; Statistics Canada, 1988; Bates and Stcad, 19(3). Bdwl'l'n 195_' ami 19X4 the 

annual number of reported tubelculosis cases in the Uniled States dCl'leased hy 74%, !tOlll 

84,304 to 22,255 cases (Rieder et al., 1989a). The declease in tuhelL'lllllsis llll'ldt'llL'l' and 

death rate before World War Il h,IS hcen attrihutetl tr. gener:ll imp\OVl'nll'nt in living 

conditions and hygiene, cxcept during the Depression of the 1l)}Os, silln' BC(, 

vaccination, chemotherapy, and mass X-ray sUIveys were not COllllllOllly umlcrtaken al 

the time (Styblo, !980; Styblo, 1989). Alter 1950, there was an an:l'lctalion in the 

decline oftuherculosis incidence, the annual risk of tuberculolls infection, and p:l\tÏculatly 

mortality, which has heen ascribed to the developmcnt and use of efll'cllve anli­

tuberculosis treatment (Styhlo, 1989). 

It has been suggested hy others, in particular by Rubin (199}), that the maJ!)1 

cause of the decline in tuberculosis mortaliîy in the last cenlllly wa!'> tlle' dcath 01 

susceptible persons and tk~ evolution of a more re~~istant population. '1'0 !'>Upplllt Ills view, 

Rubin (1993) refers to similar decreases in death rates fI (lm (lt her infl'ctH 111<; dl!'>ca:-.es ilnd 

low mortality among age groups with high tuherculoll!'> Infecllon lale<.,. FOI IIl"tanLC, 

although 95% of the adult population over 45 years in the Uniled Stale!'> wa!'> ~klll Il'!'>t 

positive in 1940, the tuberculosis death rate was already low in that glOup (Sagan, 19H7) 

A hypothetical model of the "epidemic wave" nature of tubcrculo!'>l\ "Uppolt!'> Ruhln's 

theory and is described below. 

Tuberculous disease has the capacity to become epiJemic when prcvjollsly 

unexposed persans are crawded together; under the epidemic wave model, the Illortality, 
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incidence, and infection rates of tuberculosis follow waves, increasing sharply, 

maximizing, and then subsiding gradually (Ste ad and Dutt, 1988). The graduaI decrease 

relates to the elimination of susceptihle pers ons and infectious sources and the entire wave 

is thought to last about 300 years, with peaks for the mortality, morbidity, and infection 

rates at 50, 100, and 200 years, respectively. At the heginning of the epidemic wave it 

is mostly young adults who succumb to the disease, whereas near the end the disease 

afflicts older persons (Ayvazian, 1993). Proponents of the model suggest that the natural 

decline of the infection, incidence, and death rates is essentially unaffected by human 

intervention su ch as case isolation and BCG vaccination (Ayvazian, 1993; Bates and 

Stead, 1993). 

The epidemic wave model explains the current low levels of tuberculosis 

morhidity and mortality in industrialized nations and predicts continued increases in such 

rates for populations in Asia and Africa. It seems likely that the factors which 

contrihuted to the improvement of the tuberculosis situation in the developed world are 

numerous and interactive, and the following scenario may apply: the sources of infection 

decreased with the dcath of susceptible persons and the treatment of cases, exposure level 

lessened and ahility to contain infection increased as living conditions improved, and the 

host response ta infection and disease was enhanced by the development of inttinsic 

resistance and extrinsic intervention with drugs. 

Since 1980, the tuberculosis incidence rate in Canada has decreased from 

11.5/100,000 population to 7.5/100,000 in 1990 (Statisties Canada, 1992). The rate did 

increase slightly in 1989, for the first time in 30 years, with a 4.5% elevation in number 

of cases (rate, 7.81100,0(0) (Bueckert, 1992; Statistics Canada, 1992). The Canadian 

tuherculosis death rate, which was 47.2/100,000 population in 1945, declined to 

0.8/100,000 in 19RO and has remained fairly stahle sinee then, reaehing 0.6/100,000 in 

1990 (Statistics Canada, 1986; Statistics Canada, 1992). The recent morbidity and 

mortality rates represent a decrease to an average of about 2,250 cases and 185 deaths per 

year in the decade 1980-1990 (Statistics Canada, 1992). Tuberculosis cases notified in 

1990 occurred more often in males (aecounting for 55%); across both genders, the highest 

incidenœ rates occurred in those greater th an 55 years old, particularly among those aider 
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than 75 years, with the next highest rates in the age groups 25-34 and then 0-4 ycars 

(Statistics Canada, 1992). 

The improvement of the tuberculosis situation has not bcen uniform across the 

Canadian population and the case and death load has continued to he foclised ill high risk 

groups such as Aboriginal peoples, immigrants from countries with high tubcn:ulosis 

prevalence, the urban poor, and the elderly (Galldette and Ellis, 1993) A study of 

tuberculosis incidence by census division from 1984-19R8 in QlIehec and l'wm 

1985-1987 in the rest of Canada found that the 13 reginns with rates higher than 20 caSl'S 

per 100,000 population (ranging from 20.9-217/100,0(0) were eoncentrated in northcrn 

Canada. In Il of these regions, at least 62% of the ca.'~es were knnwn to have affcctcd 

Aboriginal peoples (Gaudette and Ellis, 1993). Cases occurred 11108t orten among 

Aboriginal or urban immigrant persons in regi()ns with incidence rates of 10-19/100,000 

population (Gaudette and Ellis, 1993). The findings for Aboriginal Canadians are 

consistent with those of Enarson and Grzybowski (1986) who reported that the average 

annual rates of tuberculosis among registered Indians and Inuit between 1970 and 1981 

were 16 and 24 times higher, respectively, when compared to other people born in 

Canada, predominantly of European descent. In 1990, about 20% of the new tuberculosis 

cases occurred in Aboriginal persons (Health and Welfare Canada, 19(3). From 

1985-1987, the incidence of tuberculosis in males and females over 65 years of age was 

3-4 and 2-3 times higher, respectively, than that in younger age groups; in the same time 

period, the immigrant population had an incidence rate more than five-fold greatcr than 

that in non-Aboriginals born in Canada (Statistics Canada, 1(89). 

In the United States, a pronounced and sustaincd increasc 111 incidence of 

tuberculosis has occurred since 1985. The downward trend of incidence from 1953-1984 

had been expected ta continue; instead, an ex cess of 39,000 cases was found to have 

arisen between 1985 and 1991, when actual case notification rate was comparcd lo an 

extrapolation of the previous trend in incidence (Bloom and Murray, 1992; Kent, 1(93). 

The number of tuberculosis cases in 1991 (26,283 cases, yielding a rate of 10.4/100,000 

population) represents a national increase of 18% since 1985 (B1oom and Murray, 19(2). 

Notifications in New York City account for about 15% of the cascload in the United 
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States, with a incidence rate of 50.2/100,000 in 1991, which is nearly five times the 

national average and represents a 143% increase in cases since 1980 (Goldsmith, 1993; 

Barnes et al., 1993). In 1990, the case rate reported in central Harlem was more than 

233/100,000 (Harnburg, 1992). 

The elevation of tuberculosis incidence in the United States is Iikely due to 

increases in the nurnber of immigrants, substance abusers, homeless persons, and 

particularly HIV-infected individuals (Snider, 1993; Kent, 1993; Centers for Disease 

Control, 1991), ac; weil ac; diminished attention to control of the disease in medical and 

political establishments (Bloom and Murray, 1992). Tuberculosis is now recognized as 

the most common opportunistic infection of HIV-infected patients and is often the earliest 

c1inical manifestation of HIV infection, prior to the development of AIDS (Barnes et al., 

1993). Susceptibility to primary, reinfection, and reactivation tuberculosis is increased 

by co-infection with HIV (FitzGerald et al., 1991). 

ln addition to the increase in tuberculosis incidence, the proportion of drug­

resistant cac;es ha') risen in the United States since 1986, after more than 30 years of 

stable or decreasing proportions (Frieden et al., 1993). The rise is Iikely a result of 

inadequate treatment of the disease in the past and immigration from regions with high 

levels of drug-resistant M. tuberculosis (Kent, 1993). A study of culture-positive 

tuberculosis patients in New York City in April 1991 found that 33% were resistant to 

at lea"t one anti-tuberculosis drug (Frieden et al., 1993). In a national survey of cases in 

the first quarter of 1991, drug resistance to one or more drugs was identified in 13.4% 

of tuberculosis patients not known to have received treatment in the past (Kent, 1993). 

Recent outhreaks of multi-drug resistant disease in New York and Florida resulted in over 

200 cases with a fatality rate of 80%; sorne of the M. tuberculosis isolates were resistant 

to seven anti-tuherculosis dmgs, and 96% of the patients were known to be HIV-infected 

(Barnes et al., 1993). While HIV-infected individuals do not seem to be particularly 

predisposed to the drug-resistant furms of tuberculosis, the spread of both dmg-resistant 

and drug-sensitive disease is facilitated by the increased tuberculosis susceptibility of 

HIV -positive persons (Bames et al., 1993). Although ~_!1e situation appears to be less 

grave in Canada at present, multi-drug resistant cases will likely continue to arise in the 
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United States and elsewhere if disease treatment is inadcquate or tuherculosis inddclll'l' 

increases (Kent, 1993; Barnes et al., 1993). 

Tuberculosis remains a leading cause of morbidity and ml1l1ality in dl'vdoping 

nations, and the highest incidence and death rates in the world oœur in suh-Saharan 

Afriea (Rodrigues and Smith, 1990; De Coek et al., 1992). In a rcview of the glohal 

tubereulosis situation, the World Health Organization (WHO) cstimatcd that g million 

persons developed tuberculosis and 2.6-2.9 million died of tlle disease in 1990 (Sudre ct 

al., 1992). About one third of the world's population is believed to he infected with 

M. tuberculosis (Sudre et al., 1992). Table 1 presents the prevalencc of tuhcrculous 

infection and estimated case and death rates in 1990 for the WHO reginm;, as rcpOltcd 

by Sudre et al. (1992). At least 19% of the population in cach rcginn is infccted, with 

the highest prevalence in the Western Pacitie region (44%); in tClIllS of numhers of 

persons, most infected individuals reside in South-East Asia (25%), China (22%), and in 

Europe and the USA, Canada, Japan, Australia and New Zealand (22%). The majority 

of cases predicted for 1990 occurred in South-East A<;ia (about 30%), China (27%), and 

Africa (18%). The average case deteetion ratio l was estimated as 46% worldwide, with 

highest levels in the Western Pacifie (average, 88%; range, 61-100%) and Eastctn 

Mediterranean (average, 70%; range, 37-100%) and lowest levels in Africa (average, 

24%; range, 16-32%). In terms of rates, bath the expected incidence and m0l1ality ralcs 

were hRghest in Africa (265/100,000 and 124/100,000, respeetive1y); tht; grcatcst numbcr 

of deaths from tuberculosis occurred in South-East Asia (about 32%) and China (27%). 

The current pandemie of HIV infection is expected to increase the magnitude of 

tuberculosis morbidity and mortality worldwide (Sudre et aL, 1992). In early 1 Y92, WHO 

estimated that at least 9-11 million adults and 1 million children were IIIV-infected 

globally (Bames et al., 1993). A total of about 3 million persons hetwcen 15-49 years 

were estimated to be dually infected with HIV and M. tuhercu/osis in the study of WHO 

regions by Sudre et al. (1992). The majority of dually infeeted individuals will occur in 

developing countries where most persons with tuherculous infection are less than 50 yeaTS 

IThe average case deteetion ratio for each region was calculated as the ratio of the 
average notification rate in 1980-1989 to the incidence rate prcdicted for 19YO. 
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Tahle 1. World tuherculosis statistics (adapted from Sudre et al., 1992) 

WHO Tuhercu\ous Tuberculosis cases Tuberculosis deaths 
region infection, 1990' expected in 1990f expected in 19908 

Prevalence, % Cases per 100,000 Deaths per 100,000 
(percentage of population population 

total) (percentage of total) (pereentage of total) 

Africa- 33.8 (9.9) 265 (17.5) 124 (22.5) 

Amerieasb 25.9 (6.8) 127 (7) 49 (7.5) 

Eastern J 9.4 (3.1) 155 (7.4) 43 (5.5) 
Mcdlterranean" 

South-East Asiaa 34.3 (24.7) e95 (36.4) { 30 (36) 

Western Pacifiee (11.3) 43.8 

China 33.7 (22.0) 191 (26.6) 72 (27) 

Europe" and 31.6 (22.2) 6.3 (5.1) 3.3 (1.5) 
othersd 

Ali regions 32.8 (100) 152 (100) 55 (100) 

Nok!.. 

• InduÙl'1> ail l'ountm's III the WHO fl'glOIl 

b IlIduÙl'1> ail COUl\tIl(,~ 111 the WHO fl'glon, except USA and Canada 

< Induùes ail l'Ountfll'S in the WHO rl'gion, cxccpl China, Japan, Australia, and New Zcaland 
d Induùl':' USA, C.lnaùa, Ja(1,III, Au~tralia, anù Ncw Zcalanù 
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< Cakulall'd u~lIlg a lIloùd Wllldi IIlduded thc annual risk o! infcction from tubcrculin survcy data 

(agl'-lIp<"cafll' pH'vall'IICl':', dvatlahk :.illl'C 1975), the past rate of change of infection risk, and thc age 

di1>trihllllOll of Ihl' POPUI,ltlOll 

r Cakula!eù lrom thl' allllllal mk 01 infel·tlon (1 % of risk rl'przsented 39-59 cascs 01 smear-positive 

pulmonary tuhernllo:-.i., pl'r lOo,noo population), assullllng 1.22 caSCl> of smear-ncgative and cxlra­

(llilmonary tlllH'rClIlo:-'IS pl'r <'d:'C of :,ull'ar-po:.itivc ùl:.easc. Thc alinual flsks of mfcclion werc 1.5-2.5% 

in thl' Alrkanl'OUlllril':., 0 5-1.5'iiJ in the Amcrican and Eastcrn Meùllcrrancan coulltrics, and 1-2.25% 

in tlll' Sllulh-Ea~1 A:-'Jan and Wl'l>ll'rt1 Paciltc (:ountfll's. An additionalnlllllber of HIV-rclatcd tubcrculo:.is 

('aSl'~ wa~ l'~llIlIall'd hy applywg Ihe prl'vaknce of tuberculou!. infection in the 15-49 ycar age group to 

populallOlI1> thoughl 10 be HIV-IIIfl'clcd 111 Ihis agc gf0Up, and aEsuming a 10% risk of progression to 

tutll'r(,\llou:-. diM'd~I' Iwr yl'ar 10r dually illfl'l'Ied (Jasons. 

Il Cakula!l'd a:-,:,ulIIlIIg a fatallly 01 50% for the unlreated cascs prl'dlcted 111 1990 anù 15% for trealed 

MI\l'ar-poMtJve {If Ml\cdr-negalivc cascs 11\ Jcvdopmg countncs. Thc proportion of paticnts starteù on 

trcatlllcllt wall oblalllcd [rom an l'~timatc of the aVl'rage callc dctcctioll ratio, wlllch was tbe ratio of the 

aVl'ragl' notilicalwlI raIl' in 19S0-89 to the I1\cidcnce rate prcùictcd for 1990. In addition, it was assumed 
tliat the .. 'ase falalily of HIV-mfcctl'd tubcrculosis cases was 50%, regardlcss of trcatmcnt. 
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old, because the prevalence of HIV infection is highest in the 15-49 ycars age group 

(Sudre et al., 1992). A study in sub-Saharan Afriea founù that 20-67% of tubcrclilosis 

patients were infected with HIV (De Cock et al., 1992). In contrast, the prevalcncc of 

tuberculous infection is very low in the age group at high risk for HIV infection in 

industrialized nations, but is high in oldcr persons who retlect the high risk of tubl'rClilosis 

in the past (Sudre et al., 1992). A sUfwy of tuberculosh. clinics in the Unitl'd Statl's 

found a median HIV seroprevalence of 3.4% (range, 0-46%; Bames et al., 1(93). On a 

worldwide basis, Sudre et al. (1992) estimated that 305,000 tuherculosis cases and 

151,000 tuberculosis deaths occurred in persons infcctcd with HIV in 1990. 

1.1.4 Prevention and control 

Tuberclilosis prevention and control should have high priority worldwidc. Socin­

economic development wou Id Iikely have the greatcst effcct on rcùucing occurrenœ of 

the disease, but this represents a tentative, at best, long-term solution in many rcgions 

(Rodrigues and Smith, 1990). There is currently an urgent neeù for the intcgration or 
effective tuberculosis control programs into global health care systems, the improvclllcnt 

and rigorous application of existing methods of control, and the development of ncw 

strategies of prevention, detection, and treatment of the ùisease. 

The most effective method to decrease tuberculosis transmission is the reùuction 

of the sources of tuberculous infection, through iùentification anù slIccessful trcalment of 

cases (Centers for Disease Control, 1990; Rodrigues and Smith, 19(0). Chcmo­

prophylaxis, the protection of healthy, skin-test positive pcrsons against disease 

progression with anti-tuberculosis treatment, has risk- and cost-benefit for high risk groups 

(e.g., HIV-infected persons and household contacts of infectious cases) and for low risk 

groups under 35 years of age (Geiter, 1993; FitzGerald anù Gafni, 19(0). Vaccination 

with BCG has demonstrated variable effectiveness: in 10 randomizeù control trials of 

BCG vaccines the protection rangeù from 0-80% in different human populations 

(Rodrigues and Smith, 1990). As a preventive measure, BCG vaccination is inùicated for 

young children in specific regions but the impact of vaccination on transmission rates of 

tuberculosis is questionable (Styblo, 1989; Rodrigues and Smith, 1990) . 
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Research and development is needed in a variety of areas in order to prevent and 

control tuberculosis more effectively. In particular, there is a need for shorter treatment 

regimens that guard against the development of drug resistance and have minimal side 

effects, a'i weIl as new drugs to target M. tuberculosis strains that are resistant to the 

traditional medicines (Bloom, 1993; Centers for Disea'ie Control, 1990). As non­

compliance with treatment is a major cause of increased disease transmission and the 

developmcnt of drug-resistant strains, it is important to establish treatment programs that 

optimize compliance; such programs may involve directly observed therapy and legal 

means to ensure completion of treatment (Hamburg, 1992). To decrease spread of the 

disease, institutional settings must ensure proper ventilation methods (Barnes et al., 1993), 

and immigrant populations must receive effective screening and foIlow-up (Gaudette and 

Ellis, 1993). The development of rapid, more sensitive methods of diagnosis and drug 

susceptibility testing of isolates is crucial (Bloom, 1993; Barnes et al., 1993; Centers for 

Disease Control, 1990). Special attention will have to be paid to the management of 

HIV -positive persons, with early identification of tuberculous infection and disease in this 

group (Styblo, 1989); chemoprophylaxis of dually infected individuals (Bames et al., 

1993); and clarification of the risk associated with BCG vaccination for dissemination of 

M. hovis in HIV -infected persons (De Cock et al., 1993). Central to improvements in 

tuberculosis control is increased commitment of resources. intensified public health efforts 

in awareness and follow·up of cases, and the adaptation of programs and technology to 

the developing world (B1oom and Murray, 1992; Bames et al., 1993; De Cock et al., 

1993). 

The global tuberculosis situation is challenging our understanding of the etiology, 

risk factors, and epidemiology of the disease. Knowledge of the mechanisms of 

tuberculosis pathogenesis is particularly lacking (Bloom, 1993). Research is needed to 

gain a better understanding of the molecular basis of mycobacterial virulence, intracellular 

survival, drug resistance, and interaction with HIV, as weIl as the host response to 

infection and the development ofprotective immunity (Bloom, 1993; Bloom and Murray, 

1992). 
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1.2 Genetic epidemiology of tuberculosis 

1.2.1 Definitions 

It is clear that a better understanding of the factors that increase the risk of discasl' 

following infection is needed to develop appropriate treatment ami c..'ontlOl strakgit's 1'01 

tuberculosis. The causes of disease can be environmental, genetic, or a cllmhll1ation (lI' 

both (Borch-Johnsen and Sorensen, 1993), reJated to the "causative agent," the exll'Inal 

"environment," and "host factors," including inheritcd components (Neel and Srhllll, 

1954). Genetic epidemiology is defined as the study of "the inheritcd causL'S of dist':tst' 

in populations and the etiology, distribution, and control of disease in glOlIpS of Idatiws" 

(Morton, 1982). Genetic epidemiologists investigate if and how ùiscasl's ClllS1l'1 in 

families, and whether genetic factors contribute to the cJustering when environlllcntallll 

cultural inheritance is taken into account (King et a\., 19H4). At a time whl'n llledÎl'al 

researchers are studying genetic factors tn explain variation in predisposition tu l11any 

diseases, bath communicable and non-infectious, a synthcsis of genetics and epidl'miology 

can contribute to the understanding of iIInesscs of mlliti-factoriai diology (MOllon, 19HZ) . 

In fact, it has been suggested by Baird (1990) and more reccntly hy Sc/mil (1993) thal 

to meet today's public health challenge of a more thorough understanding of di~ease 

causation, it will be crucial to study the interaction between the external environnwnl and 

genetic make-up. Recent advances in molecular biological techniques and statistÏl:al 

analysis offer new avenues through which genetic contribution to disease can be explored. 

The human genome is comprised of the diploid set of 46 chromosomcs, {lI' which 

44 are autosomal and two are sex chromosomes. The chromosomes vary in sizc and 

consist of a short arm (Iabelled p), a long arm (Iabelled (1), amI a narrow regioll ill 

between the arms, called the centromere. The total length of inhcriled malerial 

(deoxyribonucJeic acid, DNA) in the genome is about t\uee billion base pairs, each hase 

pair consisting of two complementary nuc'eotide units on the two oppositc DNA strands 

Genes are sequences of nucleotides and contain the information required for a-.;scmhling 

biological products such as proteins, as weil as regions without coding functÎolI. GClles 

vary widely in terms of their proportion of coding sequences and thcir length, ranging 

from less than one thousand to a million nucleotides. A large proportion of thc gCl10me 
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is thought to consist of non-coding regions, such as sequences involved in the control of 

gene expression. 

A locus is the specifie location of a gene or non-coding DNA sequence on a 

particular chromosome. A difference in the DNA sequence between individuals at a 

given locus is called a polymorphism. Heritable sequence variation can arise as a result 

of alteration of DNA sequences through infrequent change, called mutation, in the 

inherited material. If the inherited difference can be reliably detected in a laboratory, then 

the variable characteristic can be used as a genetic marker. Because each chromosome 

has a homologous partner inherited from the other parent, the characteristics detected for 

a particular marker can differ on the two chromosomes of a pair. The alternate forms of 

a marker are alleles; when the two alleles are the same state the individual is homozygous 

for the marker and when they are different, the person is heterozygous. The alleles 

present at a locus constitute an individual's genotype and the expressed outcome of the 

genotype is the person's phenotype for the locus. 

Polymorphisms can be detected as variations in the length of a DNA segment at 

a specifie locus. These markers can be generated by sequence variation that (1) creates 

or destlOys a restriction enzyme recognition site resulting in a restriction fragment length 

polymorphism (RFLP) or, (2) alters the number of times short, simple sequences are 

repeated within the segment, forming a microsatellite. Most of the microsatellite markers 

used in this thesis are dinucIeotide-repeat markers, for which the repeated unit is two 

nucleotides in length. Variahle number of tandem repeat (VNTR) markers generally have 

il repeated unique sequence of more than four nucleotides. 

A genetic map is an ordering of DNA markers along a chromosome at specified 

genetic distances, measured in terms of cenliMorgans (cM). In comparison, a physical 

map uses the hase pair as the unit of distance; a genetic distance of 1 cM roughly 

corresponds to a physical distance along the chromosome of 1 megabase or 1 million base 

pairs. A human genetic map can be constructed with linkage analysis, in which the co­

inheritance of marker alleles from parents to children is analyzed. A disease gene can 

be located on the map by following the co-segregation of a DNA matker and dise1se 
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status (phenotype) in a family with several affected memhers, called a multiplex family, 

without needing to know the identity or function of the gene involved. 

If two loci on a chromosome are close together, then their alldes will tl'nd tll hr 

inherited together. During the production of gametes, a method of œil divisioll l'alll'd 

meiosis occurs, during which the homologous chromosomes duplkate and :IlC disll ihull'd 

to form haploid gametes (see Figure 1). Before meiosis, the DNA of evcly Chfllll10sonw 

replicates so that each consists of a pair of chromatids, held togcther at the ccntJoml'It'. 

During meiosis the homologous chromosomes are c10sely aligned in tht., nucleus, al which 

time a physical reassortment of genetic material can occur, called crossing-ovl·r. A 

breaking and rejoining of the DNA st rands on twa homologolls chromosomes can Il'sult 

in recombination of two loci, so that alleles originally on the same chromosome (hui at 

different loci) can be separated. 

The probability of recombination increases with distance between two loci so that 

markers which are close together will have a lower frequency of recomhinalion than 

distant markers. Very c10sely I:nked alleles that tend to he inheriteù together fmm a 

haplotype. The recombination frequency or fraction of two loci is an estimatc of the 

genetic distance between them. A recombination frequency of 1 % (or a fraction of (I.O 1) 

is defined as equal to 1 cM in genetic map distance. This correspondence can only he 

assumed for c10sely Iinked markers with a recombination frequency of less than 10%; for 

larger distances, recombination fractions between adjacent pairs of loci cannnt he 

summed, and a map function is required to translate the recnmhination fraction to additive 

genetic distance. 

In this thesis, the term susceptibility gene refers to a gene which has two alldes, 

one normal allele and one abnorp"~I, susceptibility allele which is neither neccssary nor 

sufficient for disease, but confers an increased risk of disease. Depending on the mode 

of inheritance of the alleles at the susceptibility locus, the t;:<pression of partkular 

genotypes will yield the phenotype of genetic susceptibility to the disease. The lerm 

disease gene, in comparison, refers to a gene with an ahnormal allcle which is neccssary 

and sufficient for disease . 
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Locu~ A 

Locu~ B 

Locus C 

1. Ahgnment of homologous chromosomes after rephcatlOn 

Locus A 

'_ocus B 

Locus C 

2. Crosstng-over between locus Band C , 
tnvolving one chromatld from each homologous 

chromosome 

Locus A 

Locus B 1 1 2 2 

Locus C 1 2 

recombinant chromatlds 

3. Two of the chromattds produced are recombinant, 
displaying the rearrangement of the alleles at locus C, 

and two are the parental types 

Figure 1. The process of crossing-over during meiosis 
(adapted from Connor and Ferguson-Smith, 1987) 
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The putative susceptibility gene considered in this study is hypotlll'sizl'ù 10 ht' 

present at an autosomal locus on chromosome 2q. When'I disease or suscl'ptihility Irait 

is autosomal recessive, an individual must be homozygnus for the abnormal allde in mdl'r 

to express the trait, whereas an autosomnl dominant trait can he explcssed if onc or tWll 

abnormal alleles are inherited. The genetic markers used in the linkage analysis in this 

thesis, which are known to be present on chromosome 2, display autosomal co-dominant 

inheritance, whereby the expression of hoth alleles at the locus can be distinguished. For 

su ch markers, the observed phenotypes arising from genetic analysis indicate the 

genotypes at these loci, in the absence of laboratory l'rror, null aHeles, or mutation in tht'ÎI 

DNA sequence (Weber and Wong, 1993). 

1.2.2 Population studies 

Various lines of evidence can be used to proville support for a roll' of gelll'tic 

factors in susceptibility as opposed to entirely environmental or chance eVt'nts. The 

evidence includes a higher incidence or prevalence ofth'è diseast" among relatives of cases 

than among relatives of controls or among mernbers of the gencral population, as weil as 

the development of the disease over time in a larger proportion of a cohort with affcctcd 

relatives than in a comparable group without a family history of the discasc (King ct al., 

1984). Such studies for tubereulosis suseeptibility do not scem to exist, although the 

disease has been suggested for centuries to c1uster in families. Further indirect cvidcnce 

for genetic susceptibility to mycobacterial dir.ease incluùes an epidp~:~ of leprosy in 

North America in two regions settled by Acadians that share French ancestry (New 

Brunswick and Louisiana), as weil as the reported familial c1ustering of the discasc within 

the French Acadian ethnie group (Nee! and Schull, 1954). The intcrpretation of such 

observations is problematic beeause of the infeetÎous nature of tubcrculosis and Ieprllsy; 

exposure to the causative agent as weIl as genetic similarity will be increased among 

relatives, and disease cIustering in families or communities may occur in the presence of 

uniform susceptibility due to increased exposure opportunities in a househo)d or 

geographic region. 

Allele frequencies are influenced by many genetic, eeological, and evolutionary 

factors which interact with each other, oftcn in a eomplex manner (Hartl and Clark, 
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19H9). The population genetic factors include mutation, patterns of mating, population 

size, migration, geographic distribution of individuals, and natural selection (Hartl and 

Clark, 19H9). l3y sc\ecti ng for or against particular phenotypes, natural selection modifies 

thl~ genotypc frequcncies in a population so that the allele frequency distribution gradually 

changes. Individuals th~,t possess phenotypes which confer greater biological fitness and 

environmental adaptation will tend to survive anù reproduce, thus affecting the 

distribution of genotypes in the next generation. For ex ample, the sickle ccII allele has 

been retained in sorne equatorial African populations, despite the low biological fitness 

of the homozygous individual, because of a survival advantage possessed by the 

heterozygous carrier of the trait for increased resistance against Plasmodium falciparum 

malaria (Stead, 1992). If susceptibility to a fatal infectious diseasè that daims many 

victims before adulthood is influe'lced by genetic factors, then the force of natural 

selection, operable over many generations, may favour survival of those with a resistant 

genotype. Study of the pattern of tuberculosis incidence and severity in populations over 

many generations may produce evidence in favour of selection for resistant alleles . 

Archaeological evidence has indicated the presence of tuberculosis among 

prehistoric pcoples in both the Old and the New WOild (Merbs, 1992). However, it was 

only within denstly-populated and impoverished regions such as the industrial centres of 

Europe and the crowded cities of Post-Columbus America that a high, epidemic level of 

M. tuberculoslS infection and case rate was maintaincd. The disease became more severe 

in terms of case number and fataIity with the increased contact of persons with movement 

across continents, followed by incrcased density of populations and the adoption of more 

sedentary Iifestyle. When infection rates of tuberculosis reached epidemic level. the death 

rate was very high, particularly among children. In the early nineteenth century in 

Europe, tuherculosis death rate in London reached 7/1,000 population (Ferguson, 1955) 

and it has been suggested that the disease accounted for a third of ail deaths in Paris 

(Bloom and Murray, 1992). Acute epidemics of tuberculosis occurred among North 

American Natives c1ustered on reserves in the late nineteenth and early twentieth 

centuries; the Native death rate in the Qu'Appelle Valley rcgion of Saskatchewan, for 

exmnple, was reported as approximately 10/1,000 in 1881 and 90/1,000 in 1886 (Thorpe, 
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1989). Once Europeans penetrated the interior of Aflica in the e:uly tWt'ntÏl'th l't'nhllY. 

Native Africans likewise deve\oped a severe fonn of tuberculllsis that ktl to a high 

mortality rate from the disea<;e (Ste ad, }992). 

Evidence presented by Thorpe (1989) suggested that hllman poplliation~. did Ilot 

differ with respect to the proportion of persons susceptible to tuherculosis whcn tlll' 

disease was first encountered. The early expci icnœ with tubcrculosis Icsultt'tI in 

extremely high case and mortality rates for al\ peoples, partkulmly among pt'Isons of 

reproductive age and younger, However, var:ous ethnie groups do differ in the l'xll'nt of 

their past experience with epitlemic level tllberculous disease. Archacological and 

historical somces have been used to indicate how long variou!' populations have hl'l'n in 

contact with tuberculosis, and thus how long natural selection may have favollll'd It'sistant 

individuals in each group. The assumption must PC made that thcle was gcnl'lic v:lJiation 

in susceptibility to the disease within the populations when exposure began, Il'stllting in 

different phenotypes which had differential fitness in the face of discasl' Wlth this in 

mind, strong natural selection may have heen operating for many centuries lor EUlOpcans 

and Mongolians, for 300-400 years fOi Africans brought tn AmelÎca, for a shOltcr peIÏod 

of time for isolated Native Americans, and for only about gO years for Centwl Arl kans 

(Stead, 1992 and Kushigernachi et al., 1984), Thus, one woultl expcct the frl'qucncy of 

tuberculosis susceptibility alleles to vary among ethnie groups with disparate tuhl'rculosis 

experiences in the past. 

The clinical course of tuberculosis following infection varies in its progression 

such that sorne persons are able to combat the infection whèreas others tleve!0l" a pnmary 

"typhoidal illness characterized by wasting, lymphadenopathy, serÎous cffu<:iol1s, and 

fever" (Stead, 1992). Those persons who develop rl'activation dise;!',e after rtl:lny ycar~ 

,)f contained infection tend to devclop a chronk pulmonary form that advanct'<.; ~I()wly 

with few symptoms besides graduai weight los<; (Stt'ad, 1(92), The aeute primary ..,tage 

of disease is often observed in those populations with a ~hortcr Iw,tmy (\1' tllherculo.."s 

exposure, such as African-American slaves in America prim to the 1HM)s, and among 

Central Africans today. Tuberculosis seen in African-Arncricans today tends to he the 
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chronic pulmonary type, which seems to have a faster rate of progression than in 

Caucasians (Stead, 1992). 

ln an attempt to find evidence for variation in genetic susceptibility, racially 

dissimilar populations have been compared for differences in risk of tuberculosis infection 

and disease. It has been difficult in studies of different racial groups to control for 

potential confounding factors, such as age, infection intensity, and socioeconomic status. 

Kushigemachi et al. (1984) rcviewed reports of differences in case rates in different 

populatIOns and concluded that these variations could be the resuIt of many other factors 

besides inherited susceptibility. To make accurate comparisons of this kind, large 

numbers of individuals in different populations, who were exposed under similar 

circumstances and are comparable with respect to age and gender, would have to be 

actively followed for a long period of lime (Kushigemachi et al., 1984). 

A study by Stead et al. (1990) followed black and white residents of racially­

mixed nursing homes who experienced the same residence environment and were 

tuberculin skin-tested on entrance to the homes. Of those who had a negative skin test 

al admission, hter deve)opment of a positive reaction was significantly more frequent 

among black than among white residents (overall relative risk = 2.1; 95% confidence 

interval = 2.0-2.2). The association of race with skin test conversion held regardless of 

the percentage of black residents in the home, gender or age group of the converted 

residents, and race of the index patient, when a single infectious source case could be 

identified. No significant racial diffcrence was seen in the proportion of untreated 

residents either skin test positive at admission, or later, who developed c1inically-evident 

tuberculou.> disease. It is not dear that the two groups under comparison would have 

dissimilar enough genetic background with respect to tuberculosis susceptibility for a 

difference in case rate to be detected. Several important risk factors for skin test 

conversion, falsely negative skin tests, and disease development were not controlled for 

(e.g., health and socioeconomic status, use of medications) (Rosenman, 1990; Felton et 

aL, 1990). A racial difference in severity of tubefculous disease was observed, in which 

blacks who were diagnosed as culture-positive cases were more Iikely ta be smear­

positive than cultu. e-positive whites, but this difference was not statistically significant 
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at the 5% level (relative risk = 1.5; 95% confidence interval = 0.88-2.54). The study, 

therefore, does not support racial variation in susceptibility to disease following infection. 

1.2.3 Twin studies 

More direct evidence for inherited risk factors in the deve\opment of tuberculous 

disease has come from twin studies (Fine, 1981; Harvald and Hauge, 1956). Monozygous 

twins carry the same set of alleles, whereas dizygous twins share on average 50~ of their 

alleles, and are as genetically similar as any pair of sihlings. With the assumption lhat 

rnonozygous and dizygous twins share their environment to an equivalent dcgrcc (an 

assumption which may not always hold--see later discussion), a significantly highl'r 

percentage of concordance with respect to disease in monozygous than in dizygous twins 

provides support for genetic factors in the occurrence of the disease. Concordance of less 

than 100% indicates that a non-genetic component has a role in devclopment of the 

disease. Penetrance is defined as the probability of the phenotype (e.g., the disease) given 

the genotype and c~n be estimated as the percent concordance of disease hctween 

monozygous twins, assuming an unbiased selection oftwin pairs and certain assumptions . 

The population of twins can be obtained by starting with cases, idcnllfying and 

following up ail those who have a twin, or hy using a twin registry to find ail pairs wilh 

at least one diseased twin (Breitner et aL, 19(3). The succcss of complete asccrtainmcnt 

for either method depends on how weil the twin population is covered hy the information 

source used. It is difficult to avoid biased selection and follow-up of twin pair!'., which 

tend to favour the identification of concordant monozygous twins hecause lhcir similarity 

makes them more easily recognizable. The œsult of such hias can he an over-cstimation 

of the concordance of monozygous as compared to dizygous twins and an inflation of the 

penetrance estimate (Fine, 1981). The incidence oftwin hirth and the proportion of twins 

that are dizygous varies among different ethnic groups (La Buda et al., 1993). The ratio 

of monozygous to dizygous twins in the United States is about 1 :2, thus an unhiased 

ascertainment of a twin sample from such a group should be consistent with this ratio 

(Breitner et aL, 1993). 

In order to avoid bias, il is crucial in twin studies to (1) correctty identify zygotic 

status when dealing with Iike-sex twins by incorporating comparison of physical 
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resemblance and genetic testing with several polymorphie markers, and (2) determine the 

c1inical status of ail twin pairs in a uniform manner for a sufficient period of time to 

detect ail cases of disease (LaBuda et aL, 1993). For diseases with an environmental 

element, such as tuherculosis, it is essential to ensure or assume equal exposure to 

M. tuherculosis since conception for the two types of twins (the "shared environment 

assumption"; Breitner et aL, 1993). A'i a result, it is best to compare disease concordance 

between monozygous twins and same-sex dizygous twins; however, there may still be 

more similar environment for the monozygous twins because of their physical Iikeness 

and possible sharing of circulation until birth. An unknown difference in environment can 

inflate the evidence for hereditary factors (King et aL, 1984). Environmental data about 

the amount of time spent together and the similarity of activities should thus be collected 

from ail twin pairs in order to assess whether the shared environmental assumption is 

likely to hold. The ideal method to investigate the roles of genetic inheritance and 

environment is the adoption study in which the incidence of disease is examined for 

biologically related persons raised in different environments since infancy or carly 

childhood (King et aL, 1(84). 

l'win studies of tuberculosis have consistently shown a disease concordance 

between monozygous twins on the order of2-3.5 times higher than that in dizygous twins 

(Fine, 1981). Using multivariate analysis of British twins ascertained from a population 

of registered tuberculosis patients (n = 202 pairs), Comstock (1978) found a significantly 

greater monozygous disease concordance of 31 % (p = 0.05) compared to 15% in same­

sex dizygous twins, after adjustment for seven covariates. The categorical covariates 

included age at diagnosis (0-14, 15-24, or ~ 25 years), type of disease (reinfection or 

other) and sputum results (positive or other) for the index twin, and, for the co-twin, 

gender, known tuberculosis contact (yes or no), contact with index twin (living together 

or not), and years from index to co-twin diagnosis (0-9 or ~ 10 years). Zygotic origin 

was assigned on the hasis of physical likeness and blood group testing. Given the 

frequency of twins in the general population, 97.5% of the expected proportion of twins 

were located. However, the ethnicity of the twins was not considered so that immigrant 
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twins from areas of high tuberculosis incidence, if more likely 10 he monozygous and 

concordant, may have increased the variation of concordance betwccn the types of 

twins. 

The most comprehensive tuberculosis twin study publishcd is the New York Stale 

hospital and c1inic-based investigation of Kallmann and Reisner (1943), which lIsed a 

"twin family method" since data were also collected on full siblings, half-sihlings, parents, 

and spouses of twin index cases. A state-wide, five-year collection of the index cases, 

using uniform classification systems for zygotic origin and clinical status of the twin 

partner, resulted in enrollrnent of 308 twin pairs, of whom 230 pairs were dizygous. For 

each pair, the index twin aged 15-64 years was diagnosed with reinfectioll tuherculosis1
• 

In addition, data were analyzed for 226 spou ses, 688 parents, 42 half-sihlings, and no 
full siblings of twin patients. 

The disease concordance rates with respect to a diagnosis of tllberculosis for the 

various sets of relatives were adjusted for differences in age distrihution; the method of 

correction related incidence to the number of persons within and surviving a periml of 

high tuberculosis risk, assumed in the study to span the ages 15-29 years. The adjllsted 

incidences were, therefore, the risks of developing tuberculosis (assuming cxposure 10 

infection) for persons over 29 years with a particular relationship tn the index case. The 

tuberculosis incidence in a general population 15 years and older with similar age amJ 

racial distribution a...;; the state of New York was calculated for comparison, assuming that 

morbidity was 10 times the tuberculosis death rate for whites and five times the death rate 

for blacks. The mortality rate for blacks was multiplied by a smaller factor hecause a 

higher proportion of deaths was known to occur among black tuberculosis patients at the 

lime. 

As shown in Table 2, regardless ofwhether age-corrected or uncorrccted inckknce 

was considered, disease concordance corre\ated with degree of relationship to the index 

2HistoricaIly, the terrn "reinfection tuberculosis" wa<; given to any adult case with 
upper lobe and cavitary tuberculosis (Moulding, 1988). As much of the stlldy population 
was likely infected during childhood, the ca~es probably represented a combination of re­
infection and reactivation disease. 
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Tahle 2. Tuherculosis concordance in pairs of relatives and the general population 

Relationship to affected index twin 

General Spouse Paumt Half Full Di- Mono-

Popula-
1 

sib sib zygous zygous 

lion twin twin 

t for Iike sex 
:j: for unlike sex 

Numher of -- 226 688 42 720 230 78 
relatives -- 118t 
studied -- 112:1: 

Numher of -- 14 114 4 136 42 48 
diseased 

relatives 

U ncorrected 1.1 * 6.2 16.6 9.5 18.9 18.3 61.5 
concordance 

(%) 

Corrected 1.4 7.1 16.9 11.9 25.5 25.6 87.3 
concordance 27.7t 30.2t 
(%) 21.7+ 20.5+ 

Corrected -. -- -- -- 35.3 38.6 88.9 
concordance 

(%) with 

tuherculous 

parents** 

Corrected -- -- _ .. -- 18.1 18.8 85.7 
concordance 
(%) without 

tuhcrculous 
parents*** 1 1 1 1 1 

Adaplcd from Kalhllallll and Rcisllcr, 1943 and Nccl and Schull, 195~. 

• Elotimate of tubw:ulosis "morbldity rate" in a general population (reinfection luberculosis cases per 

100 pCrsOIlS OVt'r 14 years of age) ill whlch the ratio of white 10 1I0n-while persons is approximately 5:1. 

Thl.' age group from birlh 10 14 yeaTs of age was Ilot represellled by any of the groups of relatives in the 

study. 

•• Correclcd concordancc for pairs in which the index twin hils a parent kl1.own 10 be a case 
••• Correl'tcd com:ordancc for pairs in which the index twin bas parents not kllown to be cases 
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case (Le., proportion of shared genes). The concordance hetween dizygnus twins and full 

siblings was very similar and was significantly less than that in rnonozygous twins. The 

effect of environment was indicatcd hy the elevation of incidence among spouses of index 

cases as compared to the disease occurrence in a general population. Dizygous amI 

monozygous index twins did not differ significantly in average age at dist'ase lH1Sl't. 

average duration of observation, percentage with known exposllIe to tuhel(ulosis. or 

percent age with a known family history of the disease. Both dizygous and lllonozygous 

discordant twins had reached the average age of 31 years hy the time they were l'xaminl'd 

for the study and both types of discordant twins had been unaffected for about six ye:lIs 

since the diagnosis of tuberculosis in the index twin. 

When dizygous twins and full siblings with anù without affcctcd parl'nts \Vere 

compared, the disease risk was moùified to a similar extellt in both fratccnal glOups (that 

is, the concordance approximately doubled if parents were affected; Tahle 2). When 

monozygous twin pairs with and without diseased parents were compared, however, tlll're 

was Iittle change in mOllozygous disease risk, suggesting that the incre::se in concordance 

for dizygous twins and full sihlings with a family history of tuherculosis may have more 

to do with the inheritance of genetic factors than increased exposure 10 infection :n the 

home. Although age-corrected concordance was slightly higher for Iike-sex full sihlings 

and dizygous twins than for pairs of dissimilar sex, approximately the saille Icvcl of 

disease risk was maintained for the sihlings versus the twins in each gendcr catcgory (Iikc 

or unlike) (Table 2). 

The top section of Table 3 displays the uncorrected disease concordance for 

dizygous and monozygous twin pairs for whom the co-twin was known tn have hat! 

exposure to tuberculosis (presumably through contact with a sick person). This is the 

most careful comparison preserlted in the study for which wc can assume that discordance 

between pairs of twins was Iikely not due to exposure of only one member of the pair 10 

M. tuberculoJÏs. The percent disease concordance hetween monozygous twins was 

approximately 2.6 times that for dizyg()uS twins (69% versus 26%; p < (U)001). The rest 

of Table 3 presents comparisons of clinical diseasc presentation httween twin pairs. 

Whether complete or less complete similarity in extent of diseasè was cOllsidered, 

= 
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• Tahle 3. Distribution of concordance and discordance in study twin pairs 

Clinical Clinical Dizygous Monozygous 
code, 1st code, 2nd twins twins 
member'" member* 

Number of known -- -- 175 52 

r-
exposed co-twins 

Number -- -- 46 (26.3) 36 (69.2) 
concordant for 
disease (%) 

i== 

Numbcr of paIrs wlth II II 2 3 
complete dinical 111 III 3 8 
slnllianty IV IV 7 9 

Numbcr of palfs with Il 1 57 22 
le!>!> complete chmcal III II 8 14 
slnlllaflty IV III 6 13 

Numbcr of pairs wlth IV II 16 1 

• les. .. complete cJuucal III 1 86 8 
dl1>..'i1nulanty 

Numbcr of pairs wlth IV 1 45 0 
complete chmcal 

dl1>...,mulanty 

Total number of -- -- 83 69 
all similar pairs 

r---' 

Total number of -- -- 230 78 
pairs 

Proportion of -- -- 0.361 t 0.885t 
similarity in ail 
pairs 

Adalltl'd fWIll Kallmaun and Rci!>ncr, 1943. 

• 111c dinical da~silkatilln l"odc!> usco were the following: 

1 No tuhcrl"ulo~is (witll or without cxposure) 

II Mild tulll'rculol>b with subsequcnt arrC1>t of thc disease 

III Advauù'd tuherculosis 

IV Fatal tuhCrl'ulosis 

t l>tatislkally !>igllllkllllt dilfl'n'ucc 111 proportion, Il < 0.0001 • 
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monozygous twins were significantly more similar than dizygous twins. OWlall similarily 

(including complete and less complete) was signiticantly hightr in monozygnus th an in 

dizygous twins (89% versus 36%; p < 0.00(1). The ratio of similar dinkal l:llurse nI' 

disease to dissimilar course in monozygous and dizygous twins was 2: 1 and 1 :S, 

respectively; in other words, similarity of disease progression \Vas 16 limt's 1ll0ll' likdy 

in the monozygous twins. 

The clinical comparisons Illade in this study SUppllft a role for gcnctic inlwritance 

in risk of tuberculosis if (1) classes 1 and II are appropriate rtpresciltations of rcsistant 

phenotypes and classes III amI IV depict susceptible phenotypes, and (2) (lther factors that 

could affect clinical progression of the diseasp (e.g., concomitant illness or access tn 

treatment) are not differentially distributed among the various groups of twin pairs. A 

more thorough evaluation of the clinical comparisons coultl have bccn made if the 

investigators had indicated the nUl11ber of pairs of twins in which one 111l'lIlher \Vas nol 

known to have been exposed to tuberculosis. Ifthis differential exposure inf'OImation was 

correct, inc1uding such pairs in the analysis of similar c1inical course would he incorrect, 

since such pairs are expected 10 display dissimilarity. 

1.2.4 Association stuùies 

Association studies with population insteaù of family data lise a ca!\l'~c()lllrol 

approach to examine the association betw~en genctic markcrs anù clinical phenotype. 

Patients and controls are tested with a marker, and the difference in flequcncy of 

particular alleles in the two groups is statistically tcsteù. Ohserved association of c1inical 

status with specifi ; alleles can provide statistical eviùence that a gene in the regio/l tcstcd 

may be involveé in the ùevelopment of a disease (MacClucr and Kamll1crer, 19lJ 1). The 

marker chosen for an association study may be at a candidate locus suspeCleù ln intlllcnce 

susceptibility (for èxample, variation in the apolipoprolein gene could he L1sed in Il ~tLldy 

of atherosclerosis). Alternatively, various anonymous markers I..:éln be c1lOscn at œrtain 

intervals in order to span the genome. The most direct (and less corn mon) melhod of 

association analysis directly compares the DNA sequence of a canùidate gene hetween 

cases and controls (Khoury et aL, 1990) . 
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The most impOitant design issue in association studies is appropriate selection of 

controls. To study gcnetic risk factors, controls must be ethnically similar to the case 

population in order to avoiù spurious association of case status with alleles that are 

different in frequency in the two groups due to ethnie diversity. This issue can be 

avoided with the Affcctcd Family-Based Controls (AFBAC) association study in which 

alleles in parents are placcd in a diseased category if they appear in an affected child and 

in a control category otherwise (Thomson, 1991). In addition to ethnicity, the case and 

control ~amples in an association study need to he similar for as many other non-genetic 

risk facfors for the disease as possihle to avoid confounding by covariates, 5uch as age, 

gender, and socioeconomic status (MacCluer and Kammerer, 1991). For a disease with 

a necessary environmcntal compone nt, a true association between a marker and c1inical 

status may he diiuted if a proportion of persons in the study have not been exposed to the 

external factor (Khoury et al., 1990). 

Uncertainties in c1inical diagnosis and unknown disease etiology, as weil as the 

contribution of multiple genes to a disease phenotype, affect the power of detecting a true 

association but can he overcome somewhat with large sample size (Crowe, 1993). When 

man y unlinked, independent markers are typed, a large number of comparisons, 

lIncnrrected for multiple testing, will lead to false positive results (Crowe, 1993). Thus 

more stringent criteria for statistically significant differences, adjustment of nominal 

probabilities, large s:\Il1ple sizes, or more sophisticated approaches (if necessary) will have 

to be useu. The extent of the moditications will depend upon the number of unlinked 

markers studied, the prior probability that a tested locus will be involved in pathogenesis, 

and the false positive and negative rates that are acceptable (Kidd, 1993). Verification 

of cause and effeet relationships between markers and c1inical status requires replication 

of positive findings and cnmbined analysis From several studies, if the patient and control 

populations are sufficiently similar across investigations (Crowe, 1993). 

Several a.. ... sodation stuuies of tuberculosis have examined the hypothesis that the 

genes of the human major histoeompatibility complex (MHC), which code for products 

of the human Iellkocyte antigen (HLA) system, have a role in control of the immune 

respnnse to mycohacterial infections (Singh et al., 1983). The MHC system consists of 
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several highly polymorphie genes in close proximity on chromosome 6 which code for 

proteins involved in regulation of the immune response hy T lymphocytes (Trowsdak, 

1993). The MHC molecules function as "recognition elements" by presenting pwce!.sl·d 

antigens to specifie kinds of T cells in a restricted manner, depcnding upon whether the 

molecules belong to dass 1 (coded by HLA-A, B, and C loci) or dass Il (l'odcd hy IILA­

DP, DQ, and DR loci) (Sanjeevi et al., 1992; Hill et aL, 1(91). 11 has hecn suggeSh:d that 

the extreme polymorphism of the MHC genes and the unusually l'ven llistlihution \lfthcÏl 

alleles in human populations may have heen maintained hy selcctive pressure to provide 

defense against a diverse range of pathogens (Hill et aL, 1(91). Significanl association of 

protection from severe malaria with a common HLA class 1 antigen amI class Il haplotype 

in West Africans has recently been reported (Hill et aL, 1991). 

Association studies of tuberculosis and IILA alleles, t1etected by scrological 

testing, have provided conflicting results (Sanjtevi et al., 1992). Seve rai investigations 

have shown positive associations with particular class 1 and II :tildes in patients t'rom 

various populations, while others have not dctectetl any significant associations of IILA 

with disease. For example, HLA-DR2 and DQwl alle1es wele associated with sputUIJ1 

smear-positive pulmonary tuberculosis when cases (n = 101) were compared with healthy 

controls of similar Indonesian ethnicity (n = 64) (Bothamley et aL, 19H9). Givcn the 

endemic nature of M. tubercu/osis in the study region, it was likely assu/llcd in the 

an!ilysis that the contrais had been exposed. The positive association was Ilot statistically 

significant when Sanjeevi et al. (1992) corrected for testing of multiple HLA allelcs. A 

study of 25 multiplex familics with pulmonary tuherculosis in Northern lndia 

demonstrated sharing of identical HLA haplotypes between diseased sihlings that was 

significantly greater than expected (Singh et aL, 1(83). HLA-DR2 was prefcrentially 

transmitted from both diseased and healthy parents tn affected children rather th an to 

healthy children. Exposure of ail subjects to infection was quite likely in this family­

based study in an enderJ1ÎC tuberculosis region, although several persons lested tuhcrculin 

negative. It was suggested by the study authof3 that the tuherculin insensitivity may have 

been related to the lower frequency of HLA-DR2 among the non-reactors when cornpared 

to the healthy reactors. 
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A more recent study with smear-positive pulmonary tuberculosis cases (n = 143) 

and contraIs (n = 287) in Southem India showed a positive association of HLA-DR2 with 

disease that remained significant after correction for the number of HLA-DR al1eles tested 

(p < 0.01) (Brahmajothi et aL, 1991). The association was found in ail but one of the 

ethnie subgroups of the study sam pIe. Interestingly, the same DR2 allele had a 

significantly negative association with smear-negative patients (corrected p < 0.05), 

suggesting that the allele wa'i correlated only with advanced forms of the disease. These 

findings, however, were not corroborated in a smaller Southern Indian study ofpulmonary 

tuherculosis patients (n = 38) and healthy controls (n = 36) in which HLA-DR2 was more 

frequent in the control group (corrected p not signiticant) (Sanjeevi et al., 1992). In 

addition, no increased sharing of DR-DQ haplotypes was ohserved between affected 

sihlings in 12 multiplex families, in contrast to the tinding by Singh et al. (1983). 

Confirmatory evidence of HLA associations with tuberculosis has yet to be 

presented. The contradictory findings may be the result of the selection of inappropriate 

control groups such as unexposed or exceptionally healthy volunteers, unknown 

classification errors such as false negatives which decrease the power of detecting 

associations, and other sample and/or methodological differences between studies. The 

HLA-DR2 é\lIele may not he involved in Jetermining the outcome of infection (that is, 

disease 01 no disease), but may instead have a role in the clinical course of the disease 

or may function in the development of tuberculin sensitivity, in which case an association 

with disease status could he detected if a sufficient number of controls were not exposed. 

An HLA-DR association with leprosy (both tuberculoid and lepromatous forms) 

has been nuted in several populations with case-control and family segregation approaches 

(Abel and Demenais, 1988). The HLA-DR3 allele has been associated with development 

of tuherculoid leprosy in population and family studies (Bothamley et al., 1989). On the 

ba .. is of these investigations, it has been suggested that non-MHC genes confer 

susceptibility to leprosy per se (that is, the genes influence whether disease occurs or not) 

whereas HLA alleJes intluence the clinical fonn of disease which develops (Schurr et al., 

1991a). In addition, it has been proposed that immunogenetic involvement in leprosy and 

tuherculosis operates in the s:une manner (Brahmajothi et aL, 1991). 



• 

• 

1.2.5 Segregation analysis 

The purpose of a segregation analysis is to use phenotype data t"rom familks tn 

determine the mode of inheritance of a disease-predisposing gene (Thomslln, IlN 1). 

Knowledge of the physiologieal process by which the susceptihility gene contrihutcs 10 

disease etiology is not required for the analysis (King et al., 19R4). Likelihood 

ealculations are perfOlmed to determine whether the ohselVed pedigree and dinkal data 

fit particular Mendelian inheritance models, such as auhJsomal or sex-linkcd, dominant 

or recessive. Segregation analysis can test for inheritance of a single genc Wilh il mie in 

disease development even though there may be more than one gene contrihuting to 

disease. 

Families may be selected for genetic study because they contain many affcctcd 

persans or their case distribution seems to tit a particular inheritancc mode. In a 

segregation analysis, the method of sample ascertainment is corrected for if neccssary hy 

study design, and estimation of genetic and ascertainment parametels is carricll out 

simultaneously (Thomson, 1991). Cases of disease which have misen in genctically­

resistant family members for non-genetie reasons (e.g., as a result of high infection 

dosage, high strain virulence, or host immunosuppression) will decrease the tit of the data 

to a genetic model, unless an environmental contribution to disease is speci lied in the 

analysis. Computer programs (for example, POINTER and PAP) are currently availahk 

which allow specification of more complex models, such as the involvement of multiple 

genes or the inheritance of a gene whose pathogenic action, when ahnormaJ, increases 

with age of the susceptible individual (Thomson, 1991; Hasstedt, 19X9). 

There are no published reports of ~egregation anal yses of tuberculosis. J1owcvef, 

a dominant gene for susceptibility to leprosy with 63% penetrance (tllat is, 63% 

probability of disease given susceptible genotype) was suggested by an carly segregation 

analysis of a Caucasian population in Louisiana (Belknap and Hayes, 1(61). Analysis of 

91 Filipino families with at least one offspring case of Iepromatous lepr()~y supportcd an 

autasomal reeessive locus (Smith, 1979); however, il multi-Iocus modcl for slJ~ccptihility 

provided a better fit to the data, which was also the case for a New Guinean data set 

containing 340 lepromatous and non-lepromatous leprosy patients and thcir nrst-dcgrcc 
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relatives (Serjeantson et aL, 1979). Several more recent leprosy studies have used 

cornplex modds which incorporated a major gene effect, an inheritable polygenic 

component, and a random environmental contribution to disease. Investigations with 72 

multiplex pedigrees from India (Haile et aL, 1985) and 63 multiplex Thai families 

(Wagener et aL, 1988) suggested recessive inheritance of tuberculoid leprosy. 

Ahel and Demenais (1988) performed a complex segregation analysis of 27 multi­

generational pedigrees of 82 leprosy family members from Desirade Island, a region with 

high leprosy prevalence and for which homûgeneity of environment and exposure to 

M. leprat in the population could be assumed. Three analyses were carried out with the 

specification of age-dependent penetrance of a major gene and use of three phenotypes: 

aIl forms of leprosy, non-Iepromatous cases only, and lepromatous cases only. 

Segregation of an autosomal recessive or semi-dominant major susceptibility gene was 

supported by the data for the phenotype of any kind of leprosy (p < 0.02). The risk for 

disease development, under the recessive modd, reached 62% by the age of 68 years for 

homozygous, genetically-susceptible persons. The proportion ofnon-genetic cases among 

the leprosy patients in the population was estimated to be 23% with the recessive model. 

There was also evidence for recessive inheritance of a major susceptibility gene when 

only non-Iepromatous leprosy was considered (p < 0.05). For both the aIl leprosy and 

npn-Iepromatous 1eprosy phenotypes, purely environmental models of disease transmission 

were rejected (p «0.0(1) and the major gene effects were significant without the 

addition of multifactorial components. There was not enough data for analysis with only 

Icpromatous leprosy cases. Abel and Demenais suggest, on the basis of this and other 

segregation and HLA-association studies, that diffeTent susceptibility genes exist for 

leprosy per se and non-Iepromatous Jeprosy subtype. In their opinion, the former is Iikely 

a non-MHC gene while the latter may be a gene in the HLA region. 

1.2.6 Experimental animal models 

Based on the human evidence presented in sectiuns 1.2.2-1.2.5 it appears Iikely 

that genctic factors contribute to tuberculosis susceptibility. Clearly, the challenge of 

using a genetic epidemiological approach in the study of tuberculosis susceptibility is 

tinding evidence for the genetic inheritance "signal" out of the "noise" created by the non-

__ ,, __ a. ____________________________________ • ________________ _ 
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genetic environment within and outsidc the host, ~lIl'h as nlltlitiona! slalus and 

mycobacterial exposure levc!. In arder to separale the dTccts of inhclltt.'d slIsl'\.'ptlbility 

and environmental conditions on the disease outcome, animal 1ll11t.kls have 1ll't.'11 lIst.'lI III 

locate a gene for tllherculasis slIsceptihility that may cxist 111 humans ht.'l':lUSl' nI' 

evolutionary homology. The location of a putative human genc l'an 11L' Sl':11 rlwd for \Il 

homologous regions of chromosomes in othcr animais. 

Early studies hy Lurie anù Danncnherg (1952; 11.)65) were sucl't.'ssful in blt.'eding 

rabbit strains with varying degrees of slIsceptihility tn tllbell'lIlllllS pnt.'11l11lllliti-. rollllwlng 

inhalation of M. tuberClilosis. The resistant trait was inherited in a dominant 1ll:tIlI1t.'1 and 

was associated with a superior ahility ta sequcster and inactivatc mywbat.'tt.'tia with\l\ 

alveolar macrophages (Lude et al., 1952; Lurie and Danncnhcrg. 1%5). 111 Ihe 19XOs, 

researchers at the McGilI Centre for the Study of lIost Resistanct.' develllPt.'d a mOl1e1 (lI 

tuberculosis susceptihility in inhred mice (Skamene, 19X9; 191.)1). The Illurim' 1 t.'SpllIlSt.' 

to intravenous injection of a small do:)e of 1\1, hovis was round tn valy III the lollowing 

manner: rcsistant mice showed inhibition of bacterial proliferation in theil sp!t-l'ns and 

liveTS in the first 3 weeks of infection compared to rapid, uncontrolled growth of M. hm'I.\ 

in susceptible rnice (Gros et aL, 19X1). A signifieant differl'nce in bactctial !(lad could 

be observed as early as 24 hours after infection, hut the largest ùiffcrencc was Sl'l'Il al 1 

weeks. The distinction between the Iwo types of miel' indicated that a single gene coulll 

be controlling the early response to presence of mycohactcria in the rcticuln-endothchal 

organs. The study invesligators suggested that the advantage P()~~csscd hy the H'"istant 

mice was related ta natural rl'sistance mechanisrns ;md was Ilkl'ly associatcd with an 

ability to control mycobacterial growth, rather than l'liminale the hacilli, al an carly "tagc. 

In sorne susceptible mice the developrnent af a second phase was ohscrvcd alter 3 wceks 

during which the hacilli were progressively eliminatcd from splenic tissues, pcrhaps as 

a result of the establishment of specifie cell-rnl'diatl'd immunity againsî the mYC(lbactl'ria 

(Gros et al., 1981). 

Analysis of numerous crosses between inbred mousc strains h;)" conlirmcd that 

resistance to early growth of M. bovis, M. leprae, M. avium, M. inlracellu!are, aml 

M, smegmatis is under the control of a single gene named Bcg (for haci!lc Ca!mettc-

a 
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Guérin), that is autosomal can be expressed as a dominant resistant and recessive 

susceptibility allele (Schurr et al., 1990a; 1991a). At the early stage of defense against 

intravenous M. hovis, resistance at the Bcg locus determines control of the infection in 

the mouse model (Skamene, 1991). Using linkage analysis, described in more detait in 

section 1.3, the Bcg gene was localized to chromosome 1. The Bcg locus is believed to 

he identical to the Lsh and Ily loci which control host response to infection by Leishmania 

{!;Jnovani and Salmonella typhimurLum (Schurr et al., 1991a). 

The Bcg gene is expressed in mature tissue macrophages and it appears that the 

macrophages in Bcg resistant mice can be more easily activated by phagocytosis of 

M. hovis or other stimulating factors, and thus can respond more quickly to the presence 

of mycobacteria than Bcg susceptible mice. The Bcg gene function is present in vivo 

even v'hen T cells are depleted so that the differential in the early response to 

mycohacteria is still ohserved, whereas both Bcg resistant and susceptible mice allow 

mycobacterial growth 18 days after infection (Gros et al., 1983). Various phenotypic 

markeTS of activated macrophages are expressed at higher levels in the cells of resistant 

mice (Schurr et al., 1991 a), and experiments in vitro have demonstrated the superior 

hactericidal ability of Bcg resistant macrophages (Denis et al., 1990). Macrophages 

isolated from Bcg susceptible mice can exert similar anti-microbial capability if activated 

hy lymphokine treatment (Denis et al., 1990). 

The role of the Bcg gene thus appears to be in the priming of macrophages for 

activation so that Iesistant tissue macrophages, by an unknown mechanism, can restrict 

intraœJ\ular multiplication of M. hovis independently of interaction with lymphocytes su ch 

as T cells (Skamene, 1991). In addition, Bcg resistant macrophages have been shown to 

have t:nhanced ability to present antigen to T cells (Denis et al., 1990) and thus may have 

a TOle in the later stage of cell-mediated immur.ity to mycobacteria through more efficient 

T cel! interaction (Skamene, 1991). In comparison, isolated macrophages From the 

spleens of Bcg susceptihle mice can suppress T cell proliferation in vitro following a high 

dose inoculum of M. hovis (Schurr et al., 1989a). 

To generate a map of loci in the proximity of Bcg, several markers on mouse 

chromosome 1 have been tested hy linkage analysis for segregation of their alleles with 
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the early response of resistance versus susceptibility. The linkage analysis was caf! ied 

out with backcross mice and recombinant inbred strains. In a backcross. the hett'fozygous 

progeny of a cross between inbred homozygous resislanl and homozygnus Susl't'plihle 

strains are crossed "back" to homozygous susceptihle or resislant miel' 10 genclalt' 

expected proportions of progeny with known genotypes. Recombinant inblcd sllains :lIt' 

inbred descendants of third generation offspring From two well-ddined, inhll'd pmgcnitor 

strains; in this way, they are a replicahle, homozygous source of rccomhinatidlls preSt'nt 

in the third generation (Skamene, 1991). An integrated map of 12 loci within a 30 cM 

segment thought to contain Bcg has been generated through linkage analysis hy sevcral 

investigators and is displayed in Figure 2 (Schurr et a!., 19~9h, 19~9c, and ll)l}Ob; Malo 

et al., 1991 and 1993; Epstein et al., 1991; Vidal et a!., 19(2). Of the lod (1lcscntl'd in 

Figure 2, Bcg has been positioned closest to the villin locus (Schurr et aL, 1l)~9a and 

1989c; Malo et aL, 1991 and 1993). 

A candidate gene for Bcg, named Nramp (for natural rcsistancc-assodated 

macrophage protein gene) was recently isolated and shown to be expressed in macrophage 

ceUs From reticulo-endothelial organs of mice (Vidal et al., 1(93). The prcdicted amino 

acid sequence of the protein encoded by Nramp suggested that the protein was a 

membrane transporter with structural similarity to known transpolier systcms in both 

prokaryotes and eukaryotes (Vidal et al., 1993). Further analysis will be required to 

determine the mechanism by which the encoded protein affects the macrophage response 

to mycobacteria. A candidate mutation associated with susceptihility has heen idcntified 

(Vidal et aL, 1993). 

A genetic region containing the loci which are Iinked 10 the murine Bef.: genc, 

from Col3al (collagen type 3 alpha 1) to Col6a3 (collagen type 6 alpha 3), is conscrvcd 

on the long arm of human chromosome 2, in a region stretching from band 32 to the end 

(telomere, denoted as "ter") of the long arm (Schurr et al., 1990h). The distal portion of 

chromosome 2q is thus the most likely region to contain a homologous human Il BCG" 

gene. If the early immune response to injected M. bovis in inhred mouse stains is 

relevant to humans exposed to inhaled M. tuberculosis, then a human "BCG" locus may 

have a role in susceptibility to tuberculous disease, assuming the early response is Cl major 
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source: Malo et al., 1993a. 

FiGure 2. Composite genette map of mouse chromosome 1 in the vicinity of 
the Bcg locus. The full names for the loci are as follows: Cal3al: collagen 
lype 3 alpha 1; Cryg: gamma crystallin complex; Fn-l: fibronectin 1; Tnp-l: 
transllion prote in 1; Bcg: bacille Calmette-Guérin; VU: villin; Des: desmin; 
{,,"a: inhibin alpha; Pax-3: paired box homeotic gene 3; Akp3: alkaline 
phosphatase-3, mtestme, not Mn requiring; Acrg: acetylcholine receptor gene; 
Sag: S-antigen; Co/6a3: collagen type 6 alpha 3 . 

38 



• 

• 

• 

determinant of c1inical outcome. The possible role of a hllman "BCG" gene in 

tuberculosis susceptibility could be examined with linkage analysis. lIsing availahle DNA 

markers which map to the chromosome 2q32-37 region. 

1.3 Linkage analysis 

1.3.1 The lod score method 

Linkage analysis is used to estimate the genetic distance betwccn loci and mal' a 

specifie marker with respect to other loci. A statistical test assesses whethcr the null 

hypothesis of independent inheritance of alleles, which is indicated by a re<.'ombination 

frequency of 50% between two loci, can be rejected in favour of the alternate hypothcsis 

of linkage, which is indicated by a recombination freqllency of less than 50%. Two-point 

linkage analysis with a marker of interest and a marker of known lœation can be lIscd 

to develop a linkage map, given certain assumptions (Ott, 1991). Multi-point analysis 

permits simultaneous calculation of the maximum likelihood for different orders of the 

loci. 

The study unit for linkage analysis is a family with at kast two generations of 

individuals whose phenotypes are observed at marker loci. To increase the power of the 

analysis, several families can be studied. If the families nre lInrelated then the 

observations on each family are statistically independent, and the cvidence for or against 

linkage of the loci can be added across the families (Ott, 1991). For linkage analysis with 

a putative discase or susceptibility gene, c1inical and gcnetic marker information is used 

to examine whether the disease trait is inherited indepcndently of marker alleles in 

families with diseased memhers. Linkage analysis has the advantage of hting ahle 10 

provide evidence for a disease or susceptibility gene when population association docs not 

exist between mapped loci and the locus of interest (Morris, 19(3). In addition, hy 

analyzing related persons linkage analysis studies avoid the prohlem of differcntial ethnie 

background between cases and controls, which can arise in a traditional m,sociation sludy. 

In the lod score method of linkage analysis, the maximum likelihood method is 

used to estimate the recombination fraction between loci; the associated statistic, whieh 

measures the support for linkage at that recombination fraction versus absence of linkage, 
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is <.~alled the lod score. The lod score is the logarithm (to base 10) of the odds that two 

loci are linked versus they are unlinked. The lod score for a given recombination 

fraction, denoted a'i theta (0), is defined as: 

Z(S) = laglo /L(O)/L(lh)] 

where L(S) is the Iikelihood of the data given S < 0.5 and L(1h) is the likelihood of the 

data given S ;:: 0.5. The lod score for a recombination fraction of 50% will always equal 

zero since the likelihood of the numerator and denominator in the ratio will be the same 

and Z(e= V2) = lOKIO /1/. 

For two randomly selected loci, there is a prior probability of about 2% that they 

will be linked at .1 recombinatioll frequency of less than 30% (Elston and L'lnge, 1975). 

An odds ratio of 1000:1 is the criterion for a significant lod score because the prior odds 

for linkage (0.02) multiplied by the odds for linkage provided by the data (1000) yields 

a posterior odds for linkage of 20:1. An odds ratio of 1000:1 provides a posterior 

probability of linkage or significance level of 95% (20/21) and a posterior type 1 error of 

5%, and corresponds to a Ind score of 3 (laglO/JOaO}) (Risch, 1992). 

Generally, a lod score greater than 3 for a particular recombination fraction implies 

that this fraction can be used to estimate the most likely genetic distance between two 

loci. A positive Ind score will be computed as long as no recombinants are observed. 

A negative lod score indicates there is evidence against linkage of two loci at the specifie 

recombination frequency. A lod score of -2 (100:1 odds against linkage) or less indicates 

statistieally siguificant exclusion of linkage at the recombination frequency specified. Lod 

scores between -2 and 3 do not support or reject the null hypothesis with statistical 

significéince. A family is considered informative for linkage when a non-zero lod score 

is computed for any recombination fraction less than 0.5 (Ott, 1991). 

1.3.2 Example 

The determination of the evidence for linkage provided by a family can be 

demonstrated with a simple exarnple (adapted from Gusella et aL, 1984) (Figure 3). 

Imagine we have c1inicai and markeT information for a family composed of two parents 

and five offspring. In addition, we have information for the two maternai grandparents. 
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The disease gene has two alleles, D and d, and there are two aile les, 1 and 2, at the 

marker locus. A completely penetrant disease that is inherited in an autosomal dominant 

manner occurs in the family, so that the inheritance of one or two copies of the abnormal 

allele, D, always leads to disease expression. There are no non-genetic causes of the 

disease. 

One affected grandparent is inferred to be 2/2 based on typing at the marker locus, 

and because he is affected he must be DIO or D/d at the disease locus. The unaffected 

female grandparent is inferred to be 1/1 at the marker locus and must be d/d at the 

disease locus, which makes her homozygous at both loci or doubly homozygous. The 

affected mother is heterozygous 1/2 for the marker locus and she must be D/d at the 

disease locus. She is thus inferred to be a doubly heterozygous, D-2/d-1 individual, 

where the verticalline separates haplotypes since the D-2 gamete is inferred to have been 

inherited from her falher, and a d-1 gamete was received From her motller. Because we 

can infer which gamete was inherited From which parent we know the phase of the 

mother's typing at the two loci. 

The unaffected father of the five offspring, who has 1/1 typing at the marker 

locus, is inferred ta be a d-1/d-l individual. He and his affected mate in Figurr 3, 

therefore, represent a double backcross mating. Based on the observed disease 

phenlltypes and marker typing d~lta, the tive children are inferred to be d-11O-2 (affected); 

d-l/d-l (unaffected)~ d-1/D-2 (affected); d-1/d-l (unaffected); and d-11O-1 (affected). 

Four children received a non-recombinant gamete From their mother, whereas one child 

received a recombinant gamete. The best estimate of the recombination frequency In the 

pedigree is 1/5 or 20%, where the recombination fraction, (0), equals the number of 

recombillation events detected divided by the total number of opportunities for 

recombination. Thus there is evidence for linkage of the marker and the disease loci in 

the pedigree. 

The lod score provided by this family is calculated analytically as follows (adapted 

from Ott, 1991). Given the affected mother's inferred phase in Figure 3, she has passed 

on four non-recombinant gametes, each of these events occurring indt:pendently with a 

probability of 1 - 0, and has passed on one recombinant gamete with a probability of O. 
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The Iikelihood of the observed data is, aside from a comhinatoric constant, 

L(8) = {l - 8)4 (8)1 

The likelihood ratio (LR) of interest is 

LR = L(8)/L(lh) 

We wish to calculate the lod score Z(8) where 

Z(8) = loglo /L(8)/L(lIz)] 

In this example, the lod score is 

Zee) = loglo /(1 - 8l (8)1/(1 - lh)4 (lhY 1 
Z(8) = loglO 32 [(1 - 8)4 (8)11 
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The lod score can be evaluated for several assumed values of theta, O. The theta with 

the highest lod score is the best estimate of the recombination fraction (Ou, 1(91). Fm 

values of theta of 0, 0.01, 0.05, 0.1, 0.2, 0.3, and 0.4, the maximum loll score of 0.42 

occurs at 8 = 0.2. 

In the sample family, meiosis in the father dues not provide information ahout 

linkage. Any recombinatio'1 bctween the two loci would result in the same comhination 

of aile les because he is homozygous at both loci. A recombination would alsn not he 

detectable if he had been homozygous at only one of the loci. For a family to he 

informative for linkage analysis with the lod score method, at kast ont! parent must he 

heterozygous at both the loci (e.g., tht! disease and the marker loci). Markers with many 

alleles in the population, and more even allele frequencics, are useful for linkage analysis 

because there is a greater chance for a parent to be heterozygous at tht! marker locus. 1 f 

a recessive genetic diseasé is being studied, families with two affected parents would not 

be informative because the parents would be homozygous at the disease locus in the 

absence of non-genetic cast!s. 

Il is also clear that without the typing information for the maternai grandpaœnts 

we would not be able to infer the phase of the mother's typing: she could he ph~l~ed :l~ 

either D-2/d-l, having received D-2 from one parent and d-1 from the nther, or d-2/D-l, 

having received d-2 from one parent and D-1 from the other. Given the first phase, she 

has passed on four non-recombinant and one recombinant gamete, wht!rem; given the 

second phase, she has passed un one non-recombinant and four recombinant gametes. 
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The likelihood of the observed data for this family, allowing for a probability of 

occurrence of each phase of ~ :lOd excJuding the combinatoric constant, is then 

L(O) == ~ f(l - el (8)1 + (J - or (0)"/ 

and the lod score is 

Z(O) = laglO % [(J - ot (8)1 + (J - 8)1 (8)"1 

%(1 - Ih)" (%l + (1 - ~)I (~)"I 

Z(O) = log/O 16 {(1 - 0)" (8l + (1 - 8l (8)"1 

For values of theta of 0, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, the maximum lod score of 0.12 

occurs at 0 = 0.2. There is, therefore, a loss of information when the mother's phase is 

not known, resulting in a smaller lod score. Because of unknown phase and other factors 

which can complicate the analytical calculation of a lod score, such as incomplete 

penetrance, complex pedigrees. and missing data, computer programs have been 

developed to carry out the lad score method of linkage analysis . 

1.3.3 Computer programs 

ln this section, general information will be presented about the computer programs 

used for the lod score analysis in this thesis. The LlNKAGE analysis package contains 

a group of programs for linkage analysls of general pedigrees (this thesis), as weIl as 

three-generation, phase-known special pedigrees (Lathrop et aL, 1984). In particular, the 

program MLiNK calculates two-Iocus and multiple-locus likelihoods for a specified set 

of recomhination fractions (for example, 0.0, 0.01,0.05, 0.1, 0.2, 0.3,0.4, and 0.5). The 

program IUNK tinds the Iikelihood of the data and the maximum likelihood estimate of 

the recomhination fraction and other parameters (e.g., allele frequencies) by iteration. A 

third program availahle for the analysis of general pedigrees, LINKMAP, (not used in this 

thesis), provides the likelihoods of a "test" locus at various locations on a known map of 

marker loci. The lod score method of linkage analysis carried out by the LINKAGE 

programs is parametric, requiring the specification of genetic rnodels in order to analyze 

family data . 
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An assumption of human linkage analysis is that the population l'rom which tlll' 

study families are drawn is in Hardy-Weinberg equilibrium (Ott, 1(41). Under thl' 

equilibrium assumption, mating in the population is random; Ihat is, matl's arl' not 

selected on the basis of kinship or phenotype, and thus genotype, at the study loci. Il is 

also assumed that in the population aH possible genotypes are cqually fl'tlilc, natural 

selection does not affect the gene of interesl, mutation can he disregarded, migration is 

negligible and the population is infinite in size (Hartl and Clark, 19~N). Undt.'r thesc 

conditions the Hardy-Weinberg law states that, after one generation of random mating ami 

in the absence of variation of allele frequency with gender, the genotype flcqucllcics of 

individuals for an autosomal trait depend only on the allele frequencies in the population. 

The allele frequencies, and thus the genolypic make-up of the population, will It'main 

constant over lime. The law is quite robust 10 departure l'rom several of the assumptions 

in human populations. Numerically, if p and q are the population flequcncics of thc 

normal resistant (R) and the susceptibility allele (r), re!;pectively (whelc p = 1 - q), the 

probability of being a R/R or r/r individual equals p2 and ((, respectivc\y and the 

probability of having a Rlr or rlR genotype is 2pq. 

In the lod score method of linkage analysis, the mode of inheritance and the allc1e 

frequencies at any trait or marker locus considered must be descrihed with genetic 

models. The likelihood of different modes of inheritance of the diseasc can he ohtained 

by segregation analysis of the disorder. In the absence of formaI analysis, inhcritancc 

pattern can sometimes be indicated by inspection of affected pedigrees. Penetr:mcc 

functions are used in the LINKAGE programs to express the relationships hetween 

genotypes (to be inferred) and phenotypes (observed). For ex ample, tn specify particular 

modes of inheritance for an autosomal disease trait, the phenotype data for the locus can 

be designated as an affection status and penetrances are assigncd to genotypcs in il tahle. 

For the particular case of a dominant trait without non-gelJetic causes, zero probability 

of disease is assigned to the resistant genolype (with two copies of the normal allele) and 

non-zero probability of dlsease is assigned to the susceptihle genotypcs (with one or two 

abnormal aUeles). For the case of a recessivc trait without non-genette causes, the unly 

genotype which is assigned a non-zero probability of disease is the rlr gCl1olypc. For 
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affection status loci, a separate variable can be included in addition to clinical phenotype 

ln designate a risk or Iiability class if, for instance, different individuals with the same 

genotype have different penetrances due to another factor, such as age. Co-dominant 

autosomal markers can be designated in the LINKAGE programs as numbered aile les, for 

which the phenotype is two alleIe numbers that represent the genotype in a fuily-penetrant 

manner. 

The linkage analysis programs calculate the probability ofvarious genotypes given 

the genetic model and the family data. For the calculations in founders with missing 

marker typing or unknown disease status, the specified allele frequencies are especially 

important. Marker alleIe frequencies can be estimated from typing data in a similar 

ethnie group as the study pedigree or can be estimated using the observed typing data in 

unrelated founders in the study families. Iterative estimates of the marker allele 

frequencies can he obtained from the ohserved typing data using the ILINK program. 

The accuracy of the cstimates will depend on the sam pie size. For a highly polymorphie 

marker, Ott (1992) suggests that at kast 80 individuals are needed for detection of mûst 

alleles and ace urate allele frequency estimation. 

Segregation analysis of the disease, corrected for ascertainment method, can 

provide alie\e frequencies for the disease or susceptibility gene, 10 addition ta likelihood 

analysis of the mode of inheritance. In the absence of su ch analyses, the prevalence of 

the disease at a point in time in a detined population can be used to estimate the 

frequency of the disease or susceptibility allele, under certain assumptions. For a disease 

which can arise from a single gene defect and has other non-genetic causes, and assuming 

Hardy-Weinberg equilibrium, 

where K is the prevalence of disease, q and p are the frequencies of the ab norm al and 

normal alleles, respectively, and f qq, f pq' and f pp are the probabilities of disease given 

genotype (penetrance). Depending on the mode ofinheritance of the genetic susceptibility 

and the penetranl'C of each genotype, particular genotypes will have higher or lower risks 

of disease (that is, people with the resistant genotype have a baseline risk of disease for 

nonwgenetic reasons, and those who are genetically susceptible have an additional am ou nt 
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of risk). For a single gene disease with autosomal dominant inheritance which alsll al iSt's 

in the population due to non-genetic factors, 

K = Jqq q2 + J pq 2pq + J,.I' p2 
L 1 ~ 

hlghcr risk lowcr rbk 

where a proportion of cases arise in those with the lower risk genotype with two nOl mal 

alleles. If phenocopies occur in the population and genetic slisceptihility tll tht, diseast' 

is inherited in a alltosomal recessive manner, only the genotype with two ahnlll mal a\lt'lt's 

will be at higher risk for disease in the ahove eqllation. For an autosllmal dominant 

disease without non-genetic causes, 

For an autosomal recessive disease without non-genetic causes, the expression 

provides a lower bound for the abnormal allele frequency, since the al\ck is also 

possessed by heterozygous individuals who do not express the discasc. 

1.3.4 The Elston-Stewart algorithm 

Computer algorithms have been developed to carry out the loti score methot! on 

general pedigrees inc1uding complex situations in which there are large familics with 

several generations, pedigrees with missing data, or maniage or consanguil'ity loops. In 

addition, for sorne diseases an abnormal or susceptible genotype does not always leatl to 

iIIness, so that the susceptible genotype has reduced penetrance; that is, there is a 

probability of less than 100% of developing the disease. Reduccd penttrancc for a 

particular genotype is specified for an affection status locus in a genotype/phenotype 

table, with a probability of disease of less than 1. 

The Elston-Stewart algorithm (1971), implemented in the MLINK and fUNK 

programs, carries out the maximum likelihood estimation of the recomhbation fraction 

between two loci in a recursive series of conditional probahilitits (Ott, 1991). In a two­

point analysis, the likelihood of pedigree data is the prohahility of ohscrving the 

phenotypes at two loci for the i = 1 ... n family members, P(x,) or P(x'J x2J ... , xn ), wherc 

55 
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x, is the phenotype at two loci jointly for each person. The conditional probabilities of 

the phenotypes given the underlying genotypes are statistically independent in a family, 

so that the Iikelihood can be expressed as 

n 

L = E 8 P(X/l X2I ... , Xn 'g], g21 ... , gn) P(gl' g21 ... , gn) 
,ICI, 

where, for each i = 1 ... n individual, the probabilities of the genotype P(g,) and the 

conditional probabilities of the phenotype. given the genotype P(x" g,) are multiplied and 

then summed over ail possible genotypes. For a pedigree member with unknown clinical 

status, x, = 0, so that the Iikelihood of the data for the person equals 1 if he/she is a 

founder, and the likelihood is a funcHon of parental genotypes othelWise. 

Using the above representalion of the pedigree Iikelihood, the Elston-Stewart 

algorithm carries out calculations Ilsing data supplied from parents to children, the 

Iikelihood of the data expressed as the following: 

where P(g, le) is an offspring's genotype given the genotypes of hislher parents or a 

founder's genotype which depends only 011 the population genotype frequencies under 

Hardy-Weinberg equilibrium. The algorithm begins at the last n sum, which corresponds 

to the last offspring entered in the data file. The multiplication of the two probabilities 

for this person is carried out for each genotype in the next to last sum, and these products 

are then added together. The strategy proceeds towards the tirst sum in the expression 

(one of the parents), producing summation resuIts for each person. The set of 

summations for the entire lamily are multiplied together. This sequence of caIculations 

is completed for each given value of the recombination fraction. 

1.3.5 Complex genetic disease 

Cornplex genetic diseases incIude diseases with a genetic component which have 

reduced penetrance, environmental causes, and/or genetic heterogeneity (defined below), 

or are caused by several loci whiGh may interact. A disease with a genetic component 

cao also be considered complex if the assignment of clinical status is difficult. 
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For a susceptibility locus with reduced penetranœ, there may hl' another l'ondition. 

perhaps environmentai or even genetic, that is required for disease to Ol'nJr. An l'xamplt' 

of reduced penetrance is a reccssive cancer model, in which a persnn gt'nt'tically 

predisposed to malignancy, having inherited one suscl'ptihility allde, will not dcvdop tIlt' 

disease unless he/she receives an environmental "hit" hy a dismptive, Illutating agt'nt to 

produce the second, necessary susceptibility allde. Inherikd Idinohlaslllllla is ail 

example of such a disease. A.;; another example of reduced penctral\~:e, it is wl'll known 

that certain genetic diseases have an age at onset distribution (for example, Iluntington's 

disease). For su ch disorders, prohahility of illness may he low at young age hut incrcasl's 

as the susceptible individual hecornes aIder. Such variation of diseasc risk is mmklled 

with the LINKAGE proglams hy designating sevelal age-specifie lIability classes for the 

susceptibility locus, to which family memhers are assigned on the oasis of thdr age. 

If non-genetic fonns of a disease exist, pl'rsons who have inhcritcd normal alldes 

at the susceptibility locus may develop the disease as the rl'sult of otlter factols, such as 

environmental exposure to a pathogenic agent. These persons are tel nted phcl1ot:opit's, 

or sporadic or unlinked cases. If phenocopies occur, then the ahnormal allde is not 

necessary for disease (Greenberg, 1993). With tuberculosis, socioeconomic conditions 

and immunocompetence can be worsened to a sufficiently low level so that disease 

following infection is very likely to occur, irrespective of genotypl'. In the LINKAGE 

programs the possibility of phenocopies can be incorporated by assigning a non-zero 

penetrance to lower risk genotypes that do not contain the ahnormal allelc. 

A disease may be cuused by several genes rather than just one, each contrihuting 

to the clinical outcome, which is known as polygenic inheritance. The limitation of 

linkage analysis with the LINKAGE programs uscd in this thcsis is the underlying 

assumption that the observed clinical phenotype is the result of a single genc ~ (Pauls, 

1993). With the involvement of many genes, reduced penetrance, and the ab:-.cncc of a 

single sufficient gene, linkage between a disease trait and a marktr locus may he diftïcult 

to detect. Both theoretical and empirical studies have shown, howcvcr, that the eftccts 

3A recent version of the programs, called TLINKAGE, has been developed for the 
analysis of a disease caused by the interaction of two genes (Lathrop and Ott, 1 ()<JO). 

-
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of loci wlth a minor role in the familiality of a disease can be detected with linkage 

analysis, an example being the strong eviùenee in favour of an HLA linkage with type 

1 diabetes, despite the Iikely contrihution of other genes to the disorder (Risch, 1990). 

For a genetically-heterogeneous disease, the same disease phenotype is caused by 

different abnormal alleles (Risch, 1990). There are two types of genetic heterogeneity, 

which are c1assified according t(, whether the abnormal alieles exist at the same locus 

(intra-Iocus or allelic heterogeneity) or at different loci (inter-locus or non-anelie 

heterogeneity). When a group of families segregating a genetically heterogeneous disease 

arc analyzed for linkage to a particular marker, it is possible to fail to detect any evidence 

for linkage, particularly if the proportion of truly linked families for the given marker is 

not large (e.g., 10-30%) (Greenberg, 1992). When several affected families are analyzed, 

p:trticularly if more than one ethnie population is represented, a combination of strongly 

negative and positive lod scores is a good indication that the specific marker and the 

disease trait are linked in only a proportion of the families (Risch, 1990). The HOMOG 

computer program has been developed to proviùe a statistical test for genetie 

heterogeneity, also known as the aùmixture test, indicating whether it is Iikely that only 

a proportion of the tested families show linkage between the marker and disease loci (Ott, 

1991). 

The mnst crucial requirement for linkage analysis with a disease trait is the 

appropriate definition of the diseased state, using either a continuous or diehotomous 

phenotype (Chakravarti and Lander, 1990). The goal is to use a valid clinical 

classification scheme which retlects the underlying genotypes in the pedigrees (Kringlen, 

1 (93). A ùichotomous "case" or Il non-case" designation relies upon correct diagnosis of 

the diseaseù and the normal states. A quantitative phenotype can be more powerful for 

linkage analysis with a complex disease, as the phenotype can often capture more clinical 

information with respect to symptom expression than a categorical definition; a 

eontinuous phenotype may thus allow detection of genetic linkage with certain subtypes 

of a complex disolùer (Pauls, 1993). A phenotype should be defined to best eharaeterize 

the fonn of the disease under stuùy. Broad disease definitions may include a variety of 

undcrlying clinical entities so that the effeet of a particular gene for a specifie subtype, 
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white present, can be diluted and not detectable by linkage analysis. Dist'ast' ddinition 

has been a challenge for researchers attempting to flnd linkage for psychiatrie disonkrs 

such as schizophrenia and manie depression (Pauls, 1993). 

One way to approach this challenge has heen to allow variation in the ùlseaSl' 

definition. Several analyses are run, each time with exclusion of more hroaùly ùl'fined 

cases such as those with milder 01 more non-specifie symptoms, until a very rcstrictiVl' 

disease definition is being used. Evidence for linkage may only he found wlll'n a 

particular clinical subtype of the disease is used for case detinition; such a rt'sult may 

reflect an underlying pathology with a genetie component or inter-locus genetic 

heterogeneity. Another method invo\ves app\ying a leve\ of diagnostic uncertain1y tn tht' 

penetrance of the susceptible genotypes, which is particlilarly useful with indctcrminall' 

diagnoses. In this way, a probability of a false positive and a false negative diagnosis ean 

be incorporated into the linkage analysis. 

1.3.6 Non-parametric methods 

Non-parametric methods of IinKtige analysis avoid the specification of a genetie 

model of the inheritance of the disease tnll~ and ean, therefore, be more rohust than 

parametric methods. A weakness of non-pan!metric analysis is that it is much lcss 

powerful than parametric methods, especially whcre the genetie modcJ is well­

characterized (Terwilliger and Ott, 1993b). Non-parametric methods have not been used 

in this thesis. 

The general premise behind non-parametric methods of linkage analysis is that for 

a disease trait with a genetic basis, affected relatives are more Iikely to sharc allcles at 

a marker locus closely Iinked to a disease or susceptibility gene (Terwilligcr and Ott, 

1993b). Statistical tests are used to assess the evidence in favour of increased marker 

similarity between ail combinations of pairs or sets of affected family memhers. With 

sufficient pedigree data, the se methods are most powerflll when the allelcs that are shan'd 

are traceable as copies from the same parent, that is, the allelcs are identical by dcseent. 

Marker informativeness is reduced when the analysis mu.,t rely upon sharing of alleles 

that are identical by state (Ott, 1991). In addition, aHele sharing cannot be detected for 

markers with a low level of polymorphism (Sandkuijl, 1993). 
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In the sib-pair method, for example, pairs of siblings are expected to share 0, 1, 

or 2 alleles identical by descent in the ratio 1:2:1. In the absence of linkage between the 

marker and the disease traIt, the sa me ratio is expected for a pair of affected siblings. 

Significant deviation from the expected proportions indicates an association between 

marker typing and disease 'itatus that may be due to linkage of the two loci. 

Although information about the inheritance and frequency of the disease or 

susceptibility allele is not required for non-parametric methods, the mode of inheritance 

of the disealie does affect the power of the analysis with, for ex ample, affected sibling 

pairs. As shown by Sandkuijl (1993), it is easier to deteet a significant deviation from 

expected allele sharing by affected siblings for a recessive disease. Non-parametric tests 

of linkage may frequently be falsely negative due to their limited power. As a result, 

large nurnhers of sibships are required for analysis (Morris, 1993). The power of affected 

sib-pair analysis decreases rapidly with increasing recombination distance between marker 

and disease loci (Morris, 1993), and is significantly lowered in the presence of 

phenocopies (Ott, 1991) . 

An extension of the sib-pair method to sets of other affected relatives has been 

developed, known as the affected pedigree member method of linkage analysis (Weeks 

et al., 1993). This method utilizes a weighting factor based on marker allele frequency 

to take into accounl sharing of rare alleles by distant relatives (Lange and Weeks, 1990). 

It is thus crucial for marker allele frequencies to be accurately estimated in an affected 

pedigree member analysis. Recent studies have shown that false positive evidence for 

linkage can arise with this method when allele frequencies are incorrectly specified 

(Wijsman, 1993). Pedigrees containing only one affected parent/child pair should be 

avoided because the probability of a false positive result can greatly increase when such 

pedigrees are analyzed (Weeks et aL, 1993). 

1.3.7 Selection of families 

The number and size of affected families required for lod score analysis with a 

disease trait depends upon the penetrance of the disease and the linkage phase information 

availahle (Ott, 1991). The power of linkage analysis relates to the number of 

opportunities for recombination required to de te ct linkage if it exists. The following 
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calculations of sample size have been presented by Ott (1991). The calculations i nvolVl' 

determination of the expected lod score (ELOD), which is a weightcd average of Z.(O) 

for i phenotypic outcomes and a tixed 8, under different conditions; the rcsults presl'Iltl'd 

below are calculated for specifie mating types. 

Given a reeombination fraction of 5% and a power of 80%, applOximalt'ly 20 

phase-known meioses are required to find evidence for linkage with a loti St'ore of 3, 

using an approximate formula modified from Elandt-Johnson (1971). In tht' prcsl.'lKC nf 

unknown phase, one more offspring is required for each available sihship if linJ...agl' is 

tight. When the penetrance of the susceptible genotype is 50%, cakulation of the ELODs 

in phase-known backcross families indicates that il three-fnld increase in the llulllher of 

meioses is required; the factor of increase is the inverse of the ratio of the ELODs 1'01 

complete versus incomplete penetrance. With a penetrance of 80%, the required numher 

of meioses is increased by a factor of about 1.6. A lahoratory crror rate of 5% tilT the 

genetic typing data requires a further increase by a factor of 1.3; the increase corresponds 

to the inverse of the relative ELODs for none versus 5% misclassification at a 

recombination frequency of 5%. With penetrance ami error factors considert'd, the total 

number of phase-known meioses requircd is 78 for 50% pcnctrance and 42 for 80% 

penetrance. If both parents are informative, these requirements correspond to 39 ami 21 

offspring, respectively. When there is genetic heterogencity such that only XO% of the 

study pedigrees are linked, the number of requireù phase-known mdoses is illcrcascd hy 

a factor of 3.2 for a recombination frequency of 5%. The incrcase in this case is equal 

to the inverse of the ratio of the variance in the recombination fraction with lOO% versus 

80% of the families being linked. 

For a linkage analysis study, the type of family to he col!ected must also he 

considered. A small number of large pedigrees with many affected members can he 

selected or, alternatively, one might choose a larger number of sm ail families with fewer 

cases in each pedigree. There are advantages and disadvantages associatcd with cach of 

these strategies. Enough information can often be provided hy one or two large, 

multiplex familil's to localize a disease locus (Greenberg, 1992). The increased 

informativeness of a large pedigree is the result of the additional ph:L<;e information 
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available. However, large, dense pedigrees may be rare, particularly if the abnormal 

allele is very low in frequency, can be more difficult to collect, and are more likely to 

represent a chance combination of multiple genetic and/or environmental factors for 

complex traits (Greenberg, 1992). ln addition, linkage results from large pedigrees are 

very sensitive to enors in typing or diagnosis (Greenberg, 1992). The large effect of a 

change in c1inical status from unaffected to affected for two family members, as weil as 

new marker typing information for Iwo unaffected individuals, was demonstrated in a 

linkage analysis of affective disorder in a large Amish family. In a re-evaluation of the 

family, a significantly positive lod score of 4.08 at 0% recombination between the trait 

and a chromosome Il locus decreas(~d to a non-significant lod score of 1.03 at 17% 

recombination with the new information (Kelsoe et al., 1989). 

Although more families would be required, the use of sm aller families may mean 

greater ease in locating pedigrees and collecting complete data for the linkage analysis. 

Most importantly, these families may be more representative of the general population in 

which the disease occurs. Sm aller pedigrees may be useful for other types of linkage 

analysis, such as the sib-pair method. V/hen a ~omplex disease is being studied, it may 

be possible to confirm positive results from parametric linkage analysis with a non­

parametric method. AIternatively, non-·parametric analysis may be able to indicate 

whether negalive results t'rom a lod score .analysis may have been the result of parameter 

misspecification (Sandkuijl, 1993). 

1.3.8 Effecls of parameler misspecification 

The specification of the required parameters for the lod score method of linkage 

analysis can be difficult if the genetic model is unknown or unclear. In this situation, one 

must use the most likdy and reasonable parameter estimates that will not bias the results 

in a t'aIse positive direction. With respect to disease phenotype, the misclassification of 

an affected person as unaffected, known a~ a l'aIse negative, will tend to decrease the lod 

score and thus the power to detect linkage, but should allow detection of linkage if 

incomplete penetrance is specified in the analysis model, as pointed out by Greenberg 

(1992) and Baron et al. (1990). The designatiol1 of an unat'fected individual as affected, 

known as a false positive, will force an incorreCI recombination between the marker and 
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the disease locus if the tWl) loci are truly Iinked. and close linkage will not hl' dl'lt',.:tahk 

(Greenberg, 1992; Martinez et aL, 1989). Linkage may also hl' missed when an analysis 

is carried out on several families and unknown genetic heterogeneity l'xisls. lIo\Vl'wr, 

Ihere can be enough power to observe linkage despite heterogeneity in a reiatiVl'ly largt' 

data set, if more than 30% of the available families show true linkage (Greenbt'rg, 1992}. 

Experience has shown that the misspecification of penetrance, susceptihility alldt: 

frequency, and phenocopy rate does not tend to lead to t'aIse c!vidence in favmll nf linkagl' 

(Risch et aL, 1989). It should still be possible 10 detect linkage if it exists, hut tlll' 

collection of more families may be required. Specitication of 100% pl'netrance will'Il 

penetrance is in faet incomplete will bias the recomhinal.ion frt.!quency upward, toward 

50%, by causing obligate recomhinations hetween the trait and marker (Ott, 1(91). 

Misspecification of the mode of inheritance of the disease can signi ficantly dccreasc the 

power of linkage detection, leading 10 a great reduction in the maximum lod seole as 

described by Risch et al. (1989). These authors suggest using two !Ohust modl'ls with 

partieular abnormal allele frequencies and penetrances for dominantly and recessively 

inherited traits, respectively. The models should allow detection of linkage if il is present, 

but cannot be assumed to provide accu rate estimates of the true recomhination fraction. 

The power to deteet linkage is not greatly affected hy inaccurate marker allele 

frequencies, as shown by Freimer et al. (1993). In contrast, the use of incorrect marker 

allele frequencies when marker typing data is not complete for ail parents in a pedigree 

ean increase the chances of a false positive l.inkage reslIlt (Ott, 19(2). In the ahsence of 

reliable estimates of allele frequencies for the markers used, alleles have freqllently been 

specified as equal in frequency in linkage analysis studies. Ott (1992) has delllonstrated 

the bias of recombination fraction estirnates in the false positivt: direction wht:n allcle 

frequencies are unequal but are assumed to he l'quai in the analysis. This likcly occurs 

because a disease allele will tend to segregate in a farnily most onen with the particular 

marker allele which is most cornillon. If the cornmon allele is taken to he more rare hy 

using equal allele frequencies, an association could be induced so that apparent evidcncc 

for linkage is gained from the frequency of co-occurrence of the markcr and discase 
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aUeies in affected individuals (Ott, 1992). It is thus usually preferable ta use reliably 

estimated marker allde frequencies rather than ta a"sume equal frequencies. 

1.3.9 Significance level of the lod score 

A" in an association analysis, the choice of a suitable marker locus for a linkage 

analysis study can involve the anonymous or the candidate marker method. With the 

anonymous approach, many previously mapped markers are usually selected at various 

chromosomal locations, whereas the candidate method can involve the formation of a 

hypothesis for the biological mechanism by which an abnormal allele may lead ta the 

disease. There is sorne controversy conceming the value of the lod score required for 

statistically signific:mt linkage when a candidate marker is used in a linkage analysis. It 

has heen suggested that a lower threshold needs ta be met by the lod score ta accept 

linkage because of the hight!r prior probability that the candidate locus may be involved 

in disease etiology (Wijsman, 1990). In other words, a positive lad score of less than 3 

may be considered statistically significant when a candidate marker is studied. Ott (1991) 

agrees with this reasoning hut points out that localization of disease genes following lod 

score results of less than 3 has not been successful in practice thus far, suggesting that 

the gain in prior prohability is only marginal. In his opinion, the candidate approach does 

not warrant a large depm1ure from the classically required odds of 1000:1 in favour of 

linkage. 

Testing multiple malkers for linkage wit!1 a disease trait occurs particularly often 

when the anonymous approach of marker selection across the genome is taken. The 

testing of multiple, independent (i.e., unlinked) loci for linkage ta a single gene does not 

increase the false positive rate of the analysis, as shown by Risch (1991; 1992). As the 

numher of markers tested increases, the prior probability of linkage rises as does the 

significance level. As a result, the posterior type 1 error decreases and a higher critical 

lod s~ore is not required for statistical significance (Ott, 1991), as demonstrated below: 

prior odds Jar linkage x odds given data :: posterior odds 
(criticallod score: 3) 

with 1 marker, 0.02 x 1000 = 20:1 (95% probability of linkage); type 1 error 5% 

witlr 5 markers, 0./0 x 1000 = 100:1 (99% probability of linkage); type 1 error 1% 
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It is suggested by Ott (1991), however, that the above results apply only for the ana!ysis 

of a single gene disorder. For the analysis of a complex trait, he advisès that il may hl' 

preferable to adjust the critical lod score for statistical signiticancc upward tll 

3 + loglO (8), where g is the number of unlinked markers. This corre~·tion is not 

necessary if numerous dependent (i.e., linked) markers are tested. 

Because of the complexities associated wilh choosing paramt'tci values, mort' than 

one genetic model is often tested in a parametric linkage analysis of il compll'x gl'l\l'tic 

disease. Multiple models are tested when diffèrent diagnostic categorÏl's arc lIscd; 

penetrance, disease allele frequency and/or phenocopy raIes are varied; and wlll'Il more 

than one mode of inheritance is specified for different analyses. As the Illlmbcr of mmlds 

is increased the posterior type 1 error wiII also increase unless alljusted for statistical 

significance. The inflation of the posterior false positive rate is greater duc tu the 

maximization of lod scores over diagnostic definitions than as a rl'sult of varying 

penetrance (Ott, 1991). In general, the number of models should he limitcd and dlosen 

a priori. It is inappropriate to report only the highest maximum lod score round whcn 

multiple models are analyzed. Il has been suggested by Risch (1991) tllal él mOi e 

conselVative lod score should be calculated when multiple models arc uscd: 

ZmalO) - loglo (t) where t is the nllmber of models. lt may also be prudent to eslinwle 

an empirical significance level for the maximized score. A mcthod to determine this 

significance level, as weil as to estimate the power of a given family for linkage analysis, 

involves computer simulation of pedigree data (see next section). 

A less conselVative approach to parametric linkage analysis with complcx diseascs 

is suggested by Greenberg (1992). He points out that the best description of family data 

is provided by the combination of parameter values that generate the highest loll scorc. 

He recommends that data exploration can be carried out hy using different parametcr 

values to fim~ the maximum lod score that can be achieved over the models attempted. 

According to Greenberg (1992), a reasonable positive lod score generated in this manner 

is an acceptable indication of possible linkage and presents a hypothesis to be te~ted 

further, despite the increased likelihood that tlte linkage finding is spurious . 
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1.3.10 Computer simulation 

An analysis program hased on the LINKAGE programs, called SLINK, has been 

developcd to randomly assign genotypes at two loci in a pedigree under a specified true 

Of expected recomhination frequency between the loci. To carry out its computations, the 

SLiNK algorithm (Ott, 1989) implements the conditional probability distribution of the 

phased genotypes given the phenotypes, where 

For each i = 1 ... n person, the probability of a specifie multi-locus genotype, g" is 

calculated given the phenotypes in the family at the marker and disease loci, x, and the 

previously inferred genotypes. The first person in the pedigree data file is a parent and 

is randomly assigned one of his/her possible genotypes; the genotype probabilities are 

calculated for the next parent in the data file and, again, a genotype is randomly chosen. 

The genotypic prohabilities for the offspring in the pedigree are conditional on the 

assigned parental genotypes. A genotype is randomly assigned to each offspring. The 

simulation can he carried out with any combination of known and unknown phenotype 

data as described hy Weeks and ou (1993). Using the same family, the simulation 

process is repeated many times, usually at least 1000, to generate many replicates of the 

pedigree with simulated data. 

A simulation can be carried out on a pedigree with incomplete or absent marker 

typing and known phenotypes at the disease locus. Lod scores can be computed for large 

numbers of simulated replicates using a specified genetic model at various values of the 

recombination fraction, theta. At each value of theta, the average lod score arising from 

the replicated pedigrees is denoted as the expected lod score (ELOD), which should 

maximize at the theta value under which the simulation was executed. The expected lod 

score at this recomhination fraction represents the informativeness of the given family 

(Ott, 1(91). In this way, the relative usefulness of several available families can be 

compared prior (0 collection of blood samples or before genetic typing is initiated. 

Another valuahle statistic is the distribution of the maximum lod score achievable across 

the replicates (denoted as Zma..sim); an analysis program will provide the mean of Zmaxsim 

and the expected proportion of maximum lod scores greater than a specified criticallevel. 
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The percelltage of limes ZIftIU sim is greater than 3 directly estimates of the power of Ihe 

linkage analysis with the given family (Weeks and Ou, 1993). The simulatcd pcdign.'cs 

can also be used to determine the gain in power thal can be achiewd hy marker typing 

an individual who has not been typed before. This information can he useful in dedding 

who should be typed next if several family membcrs are availablc to be typcd for tht' tirst 

time. 

The significance level for an observed lod score maximized ovcr multiple mmlels 

is the probability under absence of linkage that a lad score cqual to or glcater than the 

observed maximum will be computed. To approximale Ihis probahility the marker typing 

for a large number of pedigree replicates is simulated at a specitied rccombination 

frequency of 50% between the marker and the disease locus. Whcn the two lod arc 

unlinked, the generation of genotypes is carried out without using information about the 

inheritance of the disease trait (Ott, 1991). A more efficient program cali cd SIMULATE 

(Ten~illiger and Ott, 1993a) is available for simulation umler the null hypothesis of 

absence of linkage. For each of the replicates with simulated marker data the saille serit'S 

of genetic models is run as in the non-simulated analysis. The maximum lol! score over 

the various models (ZIfUIX sim) is noted for each replicate and compared with the 

maximized score observed in the analysis of the observed data (denoted as Zmlu()/)'\')' The 

proportion of replicates in which the maximum lod score From the simulated analysis is 

equal to or exceeds the maximum lod score obselvcd approximates the p-value of the 

observed finding. If the p-value is small, 1 Ile maximum ohserved lod score i .. a rare event 

in the absence of linkage and is unlikely to have arisen hy chance (Ott, 1(91). 

1.3.11 Study of mycobacterial disease 

With the preceding detai\ed introduction to the linkage analysis method in mind, 

the results of two linkage analysis studies of human mycobacterial diseasc will now he 

reviewed. Both studies used the lod score method and neither found significant evidcncc 

for linkage. Families from Desirade Island in the Caribhean, containing at least twu 

members affected with leprosy, were analyzed in the firsl ~tudy (Abel et al., 19X9). The 

study examined the evidence for linkage bctween the reccssivc traits of Icprosy per se 

(any form) and non-Iepromatous Icprosy and five marker loci, incJuding Rhesus factor 

-----.... -------------------------------------------------------------
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(Rh), Km and Om immunoglobulin allotypes, HLA-A and -B haplotype, and ABO blood 

group. 

Depending on which marker locus was analyzed, 7-9 pedigrees were used with 

a total of 18-32 informative matings. The marker allele frequencies for Rh, Km, Om, 

and ABO were estimated from the Desiradian population. The five HLA-A and -B 

haplotypes were specified to be equally frequent. The genetic models for the disease loci 

were assigncd their maximum Iikelihood estimates from a segregation analysis of leprosy 

in Desirade. The leprosy per .'le and non-Iepromatous leprosy disease allele frequencies, 

q, were 0.312 and 0.305, respectively; frequencies one-tenth of these values were also 

considered. Ten age-specifie penetrance classes were defined, with a maximum 

penetrance of 62% for leprosy per se and 50.2% for non-Iepromatou~ leprosy by age 60 

for the homozygous higher risk genotype, r/r. An age-specifie penetrance reaching 2% 

by age 60 was assigned ta the \ower risk R/r and R/R genotypes for the leprosy per se 

trait. 

The maximum lad scores achieved with each marker were close to zero for the 

trait of leprosy per sc. Close linkage with the disease trait could be excluded for the Rh 

and Om loci when q was equal to 0.312 and for the Rh, HLA, ABO, and Gm loci when 

q was equal to 0.0312 (Table 4). For the non-Iepromatous leprosy trait, close linkage was 

excluded for Rh and HLA with the more rare disease alle1e frequency of 0.0305 

(Table 4). The maximum lad score achieved with non-Iepromatous leprosy was 1.02 with 

ABO at e = 0.0 and q = 0.0305. The positive direction of this result with non­

lepromatous leprosy only suggests that genetic factors contributing ta the two traits, if 

present, may exist at different loci. Further investigation of the ABO finding is warranted 

before any conclusion can oe made about the result, which is not statistically significant. 

Analyses with the Km marker did not have sufficient power to support or reject linkage 

with either trait. This smdy, therefore, provided evidence against a single susceptibility 

gene Iinked to the Rh, Om, HLA, or ABO loci for the leprosy per se trait in the 

Carihhean pedigrees. 

Linkage analysis with one of the families studied in this thesis was carried out 

with the trait of primary tuberculosis and the HLA-A and -B haplotype (Miller, 1991). 
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Table 4. Two-point linkage analysis of leprosy pedigrees, Desirade Island 
(adapted from Abel et aL, 1989) 

Lod score at spcciticll 
recombination fraction 

Disease 
Phenotype gene Marker 0.0 0.01 (l.IO 

frequency 

Leprosy per se 0.312 Rh -2.80 -2.59 -1.38 

0.312 Gm -2.02 -1.85 -0.94 

0.0312 Rh -7.66 -5.84 -2.31 

0.0312 HLA -4.80 -3.41 -0.69 

0.0312 ABO -2.60 -2.()4 -O.S7 

0.0312 Gm -9.43 -6.40 -1.96 

Non- 0.305 ABO tO.71 tO.64 tO.44 
lepromatous 

0.0305 Rh -2.78 -1.92 -O.4t{ 
leprosy 

0.0305 HLA -2.34 -1.66 -0.25 

0.0305 ABO t1.02 tO.96 tO.70 

61 

A 61-member Aboriginal Canadian pedigree with 22 affeded family memhcrs in four 

generations was analyzed with four genetic models using the marker haplotypc 

frequencies obsclVed in founders of the pedigree. For ail 0" the modcls, the diseasc trait 

was assumed to be autosomal recessive with a susceptibility allde frequcncy of (l.025, 

and the penetrance of the higher risk rlr genotype was set at 100%. Three of the four 

models were assigned a phenocopy rate of 0%. 

The first model excluded linkage up to a rccombination fre.!uc/H;y of 

approximately 25%, for which the lad score was -1.96. The second analysis diffcrcd from 

the tirst only in the phenotype assignment of tïve affected individuals, for whom c1inical 

status was made unknown. It was thought that these persons might have hccome affecteJ 

for non-genetie reasons beeause three individuals were very young (umier 2 years) and 

two persans developed disease in the 1950s, when they werc children and perhaps 
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experiencing worse living conditions. Therefore, these persons may have been R/R ar R/r 

at the susceptibility locus, because the penetrance or relative risk of disease for the R/R, 

R/r, and r/r genotypes were approximately the ~Jme. The coding of unknown status for 

thcse fivc individllals was maintained for the subsequent analyses. The second analysis 

excluded linkage up to a recombination frequency of approximately 15%; the lod score 

at 20% recumbination was -1.51. 

A non-zero risk of disease for the lower risk R/R and R/r genotypes was added 

to a third model, so that the proportion of unlinked cases among ail cases was 6%. This 

resulted in a significant loss of power and a flattened lod score curve with a maximum 

of 0.28 at a recombination frequency of 15%. The fourth model had a phenocopy rate 

of 0% and assigned ail llnaffected individuals an unknown clinical status, in arder to 

investigate the linkage information provided by the presumed genetically susceptible 

individuals who had expressed the disease phenotype. The "affecteds only" analysis 

yielded a minimum lod score of approximately -3 at a recombination frequency of 0%. 

The study, therefore, indicated that under these models there was evidence against close 

linkage of a tuberculosis ~usceptibility gene with the class 1 HLA-A and -B haplotype in 

th..! pedigree examined. 

SECfION 2: STUDY OBJECI'IVES 

The main objective of the study was to determine whether the putative human 

homologue of the mouse Bcg gene has a role in susceptibility to the development of 

tuberculous disease following infection with Mycobacteriurn tuberculosis. Linkage 

analysis with appropriate genetic models and families from three continents was used to 

test for co-segregation of human chromosome 2q markers and the phenotype of 

tuberculous disease. The study sample of families represented distinct tuberculosis 

experiences, namely exposure to a short-term, high intensity epidcmic (one Canadian 

pedigree), and Iifetime exposure to high endemic levels of M. tuberculosis infection (five 

Colombian and 13 Hong K~!,g pedigrees). 

This study was designed to demonstrate the contribution arising from combining 

epidemiological considerations with analytical methods originating from the field of 
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molecular biology. The complexity of the disease trait had important implkatil\t1s for Ill\.' 

study design, materials, and methods. A s~condary objective was to cxamim.' tIlt' 

advantages and limitations of the study approach, given the features of Iht' dist'asc, Ihl' 

study population, and the available data. 

SECfION 3: METHODOLOGY 

3.1 Study design 

The research question was addressed with a linkage analysis study. This slmly 

design incorporated clinical and genetic marker data, as weil as cpidcmiolngical 

considerations, to study genetic inheritance at a susceptibility locus as il risk faclol 1'01 

tuberculosis. Genetic inheritance was hypothesized to modify the 1 isk of discase, slIch 

that genetically susceptible individuals would have an increased disease risk. The 1 ml 

score method was used for data analysis. Phenotype data were collected and gCllolypl's 

were inferred probabilistically using models relating phenotype and gellotypc. 'l'hl' 

sampling unit was the family so that persons of known biologieal relationship Wl'rc 

studied, for whom the risk of disease depended on their relationship to othclS in the 

pedigree and the genotype inherited at the susceptibility locus, Specitic inclusion criteria 

were used ta select the study families, information about non-gt'Ilelic risk factllls for 

disease was collected for cases and non-cases in a unit'(mn manncr, and. in each rcgioll, 

the same diagnostic methods were used for cases and non-cases, 

3.2 Family selection and sam pie collection 

The study families originale From three regions: Canada, Colombia, and Ilol1g 

Kong. Family enroIlment, blood sampling, and collection of dinical and pedlgn~e data 

were the responsibility of investigators iil the tluee regions and, for the l110st palt, were 

comeleted prior 10 Ihis thesis project. 

3.2.1 Colombian amI Hong Kong families 

A total of 18 families were identitied by the collaborators in Col 0111 hi a and Hong 

Kong; five families were selccted in Colombia (coded for contidcntialily as familks GV, 

MAM, RA V, RES, and RJA), and 13 were enrolled in Hong Kong (numhl;red arhilrarily 
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as families 1 through 13). These families constitute the international study population. 

The methods of identIfication of the families were described in a questionnaire which 1 

deve\oped. The objectives of the questionnaire were: 

(1) to confirm the family enrollment criteria, data collection methods, and the 

assigllment of c1inical phenotype ta the family members 

(2) to gather descriptive data on the families, inc1uding their location of residence 

3:1d the tubereulosis incidence rate and trend in their region of residence 

(3) to ascertain the perceived validity of the classification of the family members 

as affeeted or unaffected with tubereulosis 

(4) to cellect additional c1inical and demographic information which was not 

av~;lable when the blood samples were received in Canada (e.g., date of birth, age 

at diagnosis, date of diagnosis, skin test and BCG vaccination data, 

chemoprophylm.ls information, and detai\s about previous experience with 

tuberclIlosis and general living conditions). 

The questionnaire, writtcn in English, was mailed to the investigators in Colombia and 

Hong Kong along with maps of the regions and pedigree diagrams. Appendix A contains 

a copy of the questionnaire sent to Colombia; the Hong Kong questionnaire is identical 

in format. The questionnaire was arranged in four sections referring to (A) Collection 

Methods, (B) Diagnostic Methods, (C) Living Conditions, and (0) Tuberculosis Situation. 

Specifie criteria were used by the collaborators to select the Colombian and Hong 

Kong familit::s for inclusion in the linkage analysis study, although a few families were 

enrolled without meeting these criteria. The criteria were as follows: (1) two or more 

offspring in the family were affected with tuberculosis; (2) one parent was affected and 

the other parent was unaffected; and (3) additional relatives may have been affected. 

Criteria #1 and #3 were proposed to optimize the power of the analysis with the disease 

trait hy ohtaining l'amilies with several affected individuals. Criterion #2 was specified 

so that the study families would imitate the experimental mouse backcross study, given 

a rccessive discase model. It was also thought tltat the presence of at least one affected 

family member in each of two generations would be an indicatio r that there had been 
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many M. tuberculosis exposure opportunities in the study families. lt would thus hl' 1111l1l' 

likely that ail family members had been infected. 

The selection criteria were met by four Colomhian families and 10 familks l'rom 

Hong Kong. One of the Colombian families had two unaffected parents (family RJA). 

Three Hong Kong families had only one affected offspring (families #2, 4, allll 12). lt 

was not possible iI'r the investigators in either region to indicate the prl'valence of sud1 

families in their respe.;tive general populations, in orJer to estimate the prop0l1ion of tlll' 

population represented by the study families. 

The selection of the international study families was opportunistic, appropl iale 

families being considered eligible as they came to the attention of the invcstigators. The 

Colombian families were ascertained through a search of a rcgistry of tulwrcuillsis 

patients. Four of the families were made known through affccted childrcn, and OIlC was 

located through the affected parent (family RES). In Hong Kong, field workcrs' 

knowledge was used to find families #7 and 13, a search of a registry locatcd families # l, 

2, 3, and 10, and the remaining families were found during contact tracing of family 

members following a tuberculosis diagnosis in one or sever al relatives. Seven of the 

Hong Kong families were locatt'd through affected parents (#1, 2, 4, 7, 9, 10, and 12), 

four through affected children (#3,6,8, and 13), and two through the knowledge of both 

affected parents and affected children in the family (#5 and Il). 

Collection of blood samples from families in Colomhia took place at hospitals, 

local health clinics, or at home by two physicians and one technician, netwccn February 

1987 and July 1990. In Hong Kong, sample collection was carried out al local hcalth 

clinies by a nurse and a technician, between Fehruary 19RB and January 1992. Pedigree 

structures for the Colombian and Hong Kong families were provided hy the international 

investigators. Diagrams of these pedigrees are presented in Appendices BI and B2. 

3.2.2 Canadian family 

In 1989, a large Aboriginal Canadian family W<lS located for a study of diagnostic 

tests for tuberculosis and linkage analysis with HLA-A, -B, and -C typing (Miller, 1991). 

Most of the individuals were known to have been infected with M. tuherculosis necausc 

of a tuberculosis outbreak, and many were suhsequently diagnosed with the diseasc. 
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Several characteristics of the family made it an ideal choice for inclusion in the previous 

study and the present thesis: the family had had uniform access to a single diagnostic and 

treatment facility; there were well-documented laboratory and clinical data; family 

members From at least two generations participated in the study; and, there had bum at 

least a 3 month interval between exposure to M. tuberculosis and medical intervention in 

the family (Miller, 19(1). For the present study, DNA was available on most of the 

individuals included in the HLA analysis by Miller (1991). The pedigree structure 

indicated by the contact family member during the fieldwork in 1989 is displayed in 

Appendix 83. A description of the tuberculosis experience of this family is presented 

helow, based on a published report of the outbreak (Mah and Fanning, 1991) and 

information collected by Dr. Miller (Miller, 1991) and myself. 

The Canadian family Iived in a relatively isolated, rural Aboriginal community and 

was expose-d to ?n epidemic of tubercu\osis beginning in 1987 and ending in 1989. The 

population of the community was about 350 persons, including seven to eight large 

families related by marriage. Specifie demographic data were not available; however, 

about 50% of the population were children. Cases of tuberculosis were common in the 

community in the 1950s. A few members of the family were diagnosed with tuberculosis 

during this time (see Appendix 83). The most reeent smear-positive case of pulmonary 

tuberculosis diagnosed prior to the 1987 epidemic was identified in 1959. Routine BCG 

vaccination (likely in sçhool) was not performed after 1963 and was non-uniform before 

that time. Prior to the epidemic, only one case of tuberculosis had been diagnosed in the 

population sinee 1969. Skin testing of adults and children ceased in 1981 and 1985, 

respectivel y. 

The 1987-1989 outbreak was a "single point source epidemic" (Mah and Fanning, 

1991). The 25 year-old mother of the infant index case was identified as the source 

case. From Detober to December 1986, the pregnant woman lived in the rural community 

with an elderly, i11 grandparent. The young woman left the community in January 1987 

to live with a sihling in Edmonton and delivered a child in February. Over the next five 

months the mother experieneed symptoms of tubcrculosis, including productive cough, 

fever, night sweats, occasional haemoptysis, and 22 kg of weight loss. From February 
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to August 1987 the mother frequently spent weekends in the family's rural l'llIlllllunity 

visiting with her 17 siblings and their children. who IiveJ in several dwdling:. a sholt 

walking distance apart. The housing, which did not have indoor plumhing, was heated 

with wood stoves and ventilated in summer with open dOOTS and windows. Thal' was 

frequent close contact between memoers of the large family in the community during this 

time (Fanning, 1993, personal communication). 

The chiId born in February 1987 was found to be tuberculin skin test~positivc with 

an abnormal chest X-ray consistent with tuberculosis at the age of 4 mnnths. The mothcr 

was found to be smear- and culture-positive on August 5, 19X7 and was transfcIred wi!h 

her child to Edmonton for tf('atment. Tuberculin skin testing of known family contacts 

and community members without previous positive results, <L~ weil as diagnostic testillg 

(ehest X-ray, specimen culture and smear) of ail persons suspected as infcctcd, was 

initiated in August 1987. The time-Hne in Figure 4 shows the wcek of ùiagnosis of thl' 

cases in the Canadian family, peaked in August 1987. Individuals ùiagnoscd with 

tuberculosis were sent to Edmonton for treatment in groups; thus, exposure to infection 

varied (Fanning, 1993, personal communication). Ail membcrs of the commllnity with 

a skin test reaction of O!: 10 mm of induration at 48-72 hours and close hOllsehold 

contacts of cases were recommended isoniazid chemoprnphylaxis in August 19H7. 

o In the following description of the outbreak severity, persons consiûered infectco 

during the epidemic were those diagnosed with tuoerculosis and those with newly positive 

skin test (PPD) results. For the 228 assessed commllnity persons anù the 66 family 

members whose medical files were investigated oy Dr. Miller, 1 estimated the infection 

rate during the epidemic as 21 % (62/294), with 2H persons diagnoscd with tuherclIlosis 

(24 in the study family and four in the community), and 25 family memhers and nine 

ather community members with newly positive skin tests. Among the study family 

members 1 estimated the infection rate as 74% (49/66). The infectcd proportion d.ù not 

include the following individuals despite their presence in the community during the 

epidemic: three previous ca<;es and six previously positive PPD reactors, ail of whom 

were not skin tested during the outbreak, and eight unaffectcd family mcmhcrs with 

negative PPD results in the outbreak investigation. The infected proportion al!'>o diù not 
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include the affected great-grandparent in the Canadian family who was diagnllst'd \Vith 

tuberculosis both prior to and during the outhreak (see Appendix B3), sinœ tht' t!iseasl' 

during the outhreak may have been the resuh of rt'activation of tht' previous infection. 

1 estimah~d the community attack rate, detined as tlll' l1ulllher l)f pcrsol1s 

diagnosed with tuberculosis per number of pt~rsons investigated, as 9.5% when tlll' stully 

family was included in this calculation (28/294). Using the saille raIL' ddinition, the 

family attack rate was 36% (24/66). There were four individuals diagnosed \Vith 

tuberculosis in the community outside the study family, providing ail attack rate arnong 

non-farnily community members of 1.8% (4/228). The differences in the infectton and 

disease rates for the communily when compared to the stully family alone Wl'fl' consistent 

with the concentration of exposure to M. tuherculosis among the family members dming 

the outbreak. 

3.3 Labor.atory analysis 

The pH:!paration of DNA and the genetuc marker typing were complttcd hy pl'ISOI1S 

in the international lahoratories and in the laboratories of Dr. Schurr and Dr. Morgan in 

Montreal. In Colombia, the time frame hetween blood collection ln sample proccssing 

(setting up of œil tines and DNA extraction) in the laboratory was under 2 hours. Ail 

of the Hong Kong samples were taken in the morning al one of four central c1imcs alld 

bloods arrived at the laboratory within 1-2 hours. In the Hong Kong lahnratory, white 

blood cells were put in culture and Epstein Barr Virus- and Cyclosporin A- treated within 

2 hours, so that an immortalized cellline was produced for each sample. The lime rangt· 

from sampting to end of culture set-up was 3-4 hours. 

For the study by Miller (1991), each available member of the Canadian family 

provided 7-10 mL of h{~pat inized blood and an amount of lymphocytes was set aside for 

the HLA-A, -B, and -C lyping before transformation. Mononuclcar eclls, kept in culture 

media, were transported t'rom Edmonton to Montwnl, The Iiong Kong ~é1mplcs werc 

received in the laboratory in Montreal as frozen cell lines. A portIOn of the Colomhian 

blood samples were processed and arrived as frozen cell lines or as extracted DNA; the 

rest of the Colombian samples were received as whole blootl . 
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Figure 5 displays the process of sample preparation from blood ta cell lines and 

DNA, carried out in the international lahoratories and in the laboratory at the Montreal 

General Hospital Research Institute. The mononuclear cells are isoJated from the 

availahle hloods and transformed with Epstein-Barr virus treatment so that an unlimited 

supply of DNA is, in principlc, available for each family member bled. The immortalized 

ccII lines are frozen, usually in several aliquots. When genetic analysis is required, cells 

arc grown in an unfrozen aliquot, and DNA is extracted from the grown cells. The 

remaining ccII line quantity is frozen for storage. The growing procedure can be repeated 

when more DNA is required for genetic testing. 

Locus, chromosome location, probe, and alleles for each marker used are presented 

in Tahles Sa and Sh (RFLP markers) and Table 6 (microsatellite markers). Typing was 

completed for the foJlowing chromosome 2q RFLP markers using the Southern blotting 

technique (reviewed by Gclehrter and Collins, 1990) (restriction enzyme used in 

parentheses): CRYGI-D (HindIII), CRYGPI-A (TaqI), CRYGPI-B (TaqI), CRYGP1-C 

(Taql), DESMIN (EcoRV), FN61039-H (llaeIII), FN61039-M (MspI), INHB-Al (TaqI), 

TNP-l A (TaqI), TNP-l B (TaqI), VIL E-62 (BgnI), VIL E-84 (TaqI), VIL pEX2(a) 

(M.\pl), and VIL 7 No.6 (BgnI). At the time the typillg was carried out for these markers, 

a human genetic map had not heen published with these loci so that the distance between 

the markers along chromosome 2q was not known. 

ln addition to the markers listed ahove, an RFLP of the TNP-l locus, designated 

as TNP-l C and using the MspI restriction enzyme, was used ta type ail the study 

families with the Southern hlotting technique. A second RFLP marker of the same locus 

could he assayed using the Polymerase Chain Reaction and MspI restriction enzyme 

digest. It gavè the same results as TNP-l C when the Canadian and Hong Kong families 

were typed. It was not clear from published sources how near to each other the 

polymorphie sites were. Because of the identical typing, locus, and enzyme used, the two 

markers will he considered the sa me and the name TNP-l C will be used to denote them. 

Howevcr, for the purposes of Tahle Sb only, the polymorphism detected by Southern 

hlotting is designated as TNP-l C (a) while that analyzed by the Polymerase Chain 

Reaction is designated as TNP-l C (b). 
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Tahle 5a. RFLP markcrs 

Marker Locus Location Probe Restriction Number Size of 

cnzyme used of alleles alleJe 

to delecl the diagnostic 

polymorpbism bands 

(kh*) 

CRYGI-D1 CRYGI 2q33- p1603 Hmdill 3 13; 

q35 11.5; 

8.4 

CRYGP1-A2 CRYGPl 2q33- p5Gl (a) Taql 2 3.5; 

q35 3.3 

CRYGPI-B2 CRYGPl 2q33- p5GI (b) Taql 2 2.2; 

q35 1.1 

CRYGPI-C2 CRYGPl 2q33- p5GI (c) TaqI 2 2.0; 

q35 1.4 & 0.6 _. 
DESMIN DES 2q35 blueserip13 EcoRV** 2 12; 

8 

FN61039-H4 FN-l 2q34- FN61039 HaeIII 2 2.0; 

q36 1.5 

FN6I031J-Ms FN-I 2q34- FN61039 MspI 

1 

2 

1 

2.7; 

1 
q36 0.35 

NoIes. 

"'kh = kilobase pain. 

IWillard, H.F., Meakin, S.O., Tsui, L.-C., and Breitman, M.L., 1985. Assignment of buman gamma 

nystallin multigenc family 10 chromosome 2. Somalie Cell and Molccular Genelics 11 (5): 511-516. 

ZO'ConncIl, P., Lathrop, G.M., Nakamura, Y., Lcppert, M.L., Laloucl, J.-M., and White, R., 1989. 

Twenty Ion fOfln a l'on\Ïnuous linkage map of markers for human chromosome 2. Gcnomics 5: 738-

'745. 
lLI, Z, Lilicnhaum, A., Butlcr-Brownt', G., and Paulin, D., 1989. Human dcsmin-coding gene: complete 

Ilul'!l'otilk ~cqul'nl'c, dlaral'tl'rization and rcgulation of exprcssion dUflng myogellesis and developmclll 

Gl'llC 7g· 243-254 . 

. IColombi, M., Gardt'lIa, R., Barlati, S., Vahcri, A., 1987. A frequcnt HaeIII RFLP of the human 

f1tmlllcctin gt·Ul'. Nudck Acids Rcscarch 15 (16): 6761. 

'Garddla, R., Colombi, M., and Barlati, S., 1988. A common MspI RFLP of tbe human fibroneclin gene 
(FNI). Nudl'Îl' Adds Rl'1>carch 16 (4): 1651. 

"TIlc polymorphislIl was Idcntilicd by collaborators in the laboratory at the Montreal General Hospital 

Rrsearl'h Institutr (Liu, J. and SdlUrr, E.). 
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Table Sh. RFLP markcrl> (l'onlillul'd) 

Marker Locus Location Probe Rl'Strll'tion Numhn SIIl' "t 
e1l1ymc usel! ni alkil', al"'''' 
tll dclert the li ia!~lIl1~1I 

polyll1nrphi~JIl l' hand!'! 

("Il ') 

INHB-Al INHB 2q33- INHBAlt Tllqlt ;; 2 (', 

qlCT 115 ---
TNP-l A6 TNP-l 2q34 TNPI.Clonc t TaqI 2 1525; 

·1 39 

TNP-! B6 TNP-l 2q34 TNPl.Clollc t Tllql 2 ~."; 

hll 

TNP-l C (a)6 TNP-l 2q34 TNPl.Clolle 1 MspI 2 7.:'(1; 

(,,43 

TNP-l C (bf TNP-l 2q34 TNl MspI 2 \.1 ; 

IlA & 0.7 
--

VIL E-62 VIL 2q35- E-628 Bgmt ') IX, .. 
q36 5 ----

VIL E-84 VIL 2q35- E-848 TlItflt 2 \.lJ; 

q36 10 --_._----
VIL pEX2(a)9 VIL 2q35- pEX2(a) M.~pI 2 ~; 

q36 fi 
--

VIL 7 No.6 VIL 2q35- JL 7 No. 6t Bgmt 2 ().4; 

q36 (, 

== 

NoIes. 

*kb = kilobase pairs 
~iu, J., Kim, H., Eugel, \V., and Schurr, E., unpublj:,11Cd obsl'rvaIÎoJls. 
'Hoth, C.F. and Eugel, W., 1991. Two RFLPs at the TNPI locus. Nuclcil ACld., Rl'M'ardi 1') (24)' 

6979. 

SVidaI, S.M., Malo, D., Vogan, K., Skamcllc, E., and Gros, P., 1993. Nalural Tl'~I~lanll' 10 inftolllllll Wllh 

Îniracellular parasites: isolation of a candidate for Bcg. CcII 73: 469-4~5. 

9prillgault, B., AT)lin, M., Garcia, A., Finidor, J., and Louvard, D., 1986. A human vllIlll (DNA dOl\l' 

10 illvcstigalr Ihc diffcrcntialioll ofinleslinal and kidncy l'CIl!> in vivo and in ullllJ\lun·. EMBO Journal 

5: 3119-1324. 

tThe polymolphism was idcntificd or thc probe was cIoncd by collaboralorl> III the J.lhoratory al t!ll' 

Montreal GcneraI Hospital Rcsearcb Inslilule (Liu, J. and Schurr, E., 1991 alld IIJl)2) . 
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Table 6. Microsatellite markeTS 

Marker name Location Number Allele sizes 
and locus of alleles (bp*) 

CRYG1-N 2q33-q35 3 176-J85 

CRYG1-B2 2q34-q35 3 118-127 

02S1023 2 6 140-162 

02S1043 2 5 114-132 

02S1204 2 3 159-179 

02S125 4 2 6 87-101 

02S1263 2 4 140-154 . 
02S1284 2 6 150-166 

02S1371 2 7 138-158 

02S1404 2 5 155-163 -
02S1574 2 7 106-120 

02S1724 2 10 254-296 

02S173 4 2 4 113-121 

02S2064 2 4 113-125 
1- -

D2S21P 2q34-q37 7 141-161 

PAX-36 2q35-q37 8 306-336 

Noies. 

*bp = base pairs 

IHl'ame, C.M. and Todd, J.A., 1993. TlÎnucJeolide reprat polymorpbism at the CRYGI locus. NucJcic 

Addl> Resl'arch 19 (19): 5450. 

2Polymewpoulos. M.H., Xlao, H., Rath, O.S., and Merril, c.R., 1993. Trinuckotide repeat 

polymorplllsm al Ihe hum.1Il gamllla-'3-crystallin gene. Nucleic Adds Research 19 (16): 4571. 

3NIH/CEPH Collahor,lhve Mapping Gwul', 1992. A comprehcnsive gCllctic linkage map of the human 

gl'nollle. Sdl'IIU' 258: 67-H6. 
~Weissl'nbach, J., Gyapay, G., Dib, C., Vignal, A., MoriseUe. J., Millasseau, P., Vaysseix, G., and 

L,1throp, M., 1992. A M'rond generalioll linkage map of the humall genome. Nature 359: 794-801. 

~Barbcr, T.D., Moreil, R., Johll:,on, D.L., Asher. J.H.Jr., and Friedman, T.B., 1993. A higbly informative 

dinudeotlllc rcpl'al polymorphbm at the D2S211 locus Iinked 10 ALPP, FNI and TNPl. Human 

Molccular Gl'lIl'I!C!. 2 (1): 88. 

6Wikox, E.R., Rlvolta, M.N., Ploplis, B., Potterf, S.B., and Fex, J., 1992. The PAX3 gene is mapped 

10 buman duolllosomc 2 logelber wilh a bighly informalive CA dinucleotide rcpeat. Human Molccular 

Gl'lIrlk~ 1 (3): 215. 
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In addition, the Canadian family was typed for the following chromosomt' 2 

microsatellite markers using the Polymerase Chain Reaction (Hearne ct aL, 1(42): 

CRYGI-A, CRYGI-B, D2S102, D2S104, 02S120, 02S125, D2S126, D2S128, 02S137, 

D2S140, 02S157, D2S172, D2S173, D2S206, D2S211, and a microsatcllite c10sely linked 

to the PAX-3 gene (denoted simply as PAX-3) (Tahle 6). Results for the D2S211 m:llker 

were difficult to read and were thus considered unreliahle and will not he preselltcd herl'. 

The CRYG1-A and CRYG1-B markers typed for the same polymorphism in the humall 

gamma··B crystallin gene and thus yielded the same pattern of typing. Thcrdi.lIc, only 

the CRYGI-A marker was used for linkage analysis. 

Most of the microsatellite markers were anonymolls, that is, thcy did not dctect 

polymorphisms in genes ("f known encoding function, with the exœptilm of CRYG l-A. 

A" shown in Table 6, the location for most of the microsatellite mmkers was not yet wl'll 

defined. The relative order ofthese markeTS was not completely known, hccausc dirrcrent 

research groups had published linkage maps for different suhsets of the markers. Thefl~ 

was likewise a lack of puhlished information which would allow an integration of the 

microsatellite markers with the RFLP markers tested in this study; only markcls of thc 

CRYG1 locus appear in both Tables Sa and 6. 

3.4 Clinical phenotype 

Assignment of clinical status to the family members was carried out by spccialists 

in the three regions, blinded to the marker data hecause diagnoses were complctcd prior 

to genetic analysis. The phenotype definitions below are presented separatcly for the 

international and the Canadian families. More information was availahlc for the Canadian 

farnily members who wele assigned phenotypes in Alberta and the c1inical dcfinitions 

rdated to a well-defined outbreak situation, with a short intelVal bctwecn cxp()surc amI 

disease development, and a few previous cases. The "affected" statlJs in the Canadian 

farnily referred to a diagnosis of primary tuherculosis. Casc!. of tuherculosis in the 

international families were diagnosed over a period of thirty yCMs with mnst diagnoses 

in the 1980s, sorne individuals were diagnosed with the diseasc more théln once, and there 

was an indeterminate intelVal between infection and developmcnt of disease . 
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The c1inical definitions used for the Colombian families were determined from the 

comp1cted questionnaire. Individuals were dther c1assified as affected due to a diagnosis 

of tuherculosis in the past (hased on c1inical history), or were defined as affected on the 

oasis of a positive culture and/or sputum (or other fluid) smear, with or without 

tuocrculosis symptoms (see Appendix B5). Culture of biological specimens was rarely 

pcrformed; if an individual was culture positive, however, he/she was c1assified as 

affcctcd d~'spite negative smears and/or normal chest X-ray results. When a chest X-ray 

wm; performed in the absence of a specimen culture, an abnormal result was used to 

definc the individual as affected, even if the rcsults of a smear were negative. In two 

cases the c1inical records of individuals classified as affected were lost so that the method 

of diagnosing these persans could not be confirmed. Un:l~f~cted persans had negative 

rcsults on aIl tests, no tuberculosis symptoms, and no history of a diagnosis of the disease. 

Based on the completed questionnaires, affected status for a Hong Kong family 

member was similarly detined as any diagnosis of tuberculosis in the par.t or at least one 

positive result on culture, smear, or ehest X-ray, with or without tuberculosis :.iymptorns 

(see Appendix B5). In the absence of culture, smear, or chest X-ray tests, an individual 

.... ith tuberculosis symptoms was also considered affected. When no diagnostic tests were 

donc, individuals were c1assified as unaffected if symptoms were absent and the y had no 

history of a diagnosis of the disease. 

1 reviewed the assignments of infection and disease status for the Canadian family 

memhers, which were completed by Dr. Miller in 1989, with the assistance of Dr. 

Fanning (Miller, 1991). Dr. Miller recorded and interpreted ail laboratory and c1inical 

data collected during the 24-month outhreak period for each study persan. The criteria 

used for assignment of infection and disease status were consistent with standards set by 

the American Thoracic Society. A case met the following criteria: isolation of 

M. Ilihercu/osis l'rom a respiratory or gastric specimen and presence of at Jeast one 

symptom indicative of active tuherculosis. The symptoms included weight 10ss, fatigue, 

night sweats, cough, or a pulmonary infiltrate which was non-responsive to anti-bacterial 

dmgs The criteria for a culture-negative case were the following: a negative culture 

result, presenœ of at least one tuherculosis symptom, and positive clinical response to 
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anti-tuberculosis therapy. An old case was someone with a tuberculosis diagnosis in tIlt' 

past or a previously positive c1inical response to anti-tuberculosis tlt~atment. prim 10 the 

1987-1989 epidemic (see Appendix B5). Non-cases did nol met't any of 'Ill' tlm'l' 

dcfinitions above and were, therefore, cOllsidered fIel' of discase. Illfcl'lt'd individuals 

were thase with a skin response of ë!: 5 mm of inùuratlon at 4H or 72 hllurs fnllnwing 

administration of a 5 TU tuberculin skin test (Tubersol®, Connaught LahoIalories Ltd.) 

or previous or current diagnosis of tuberculosis. PPD-negative pcrsons wcre ddÏllt'd as 

those with a < 5 mm reaction at 4X or 72 hours following adminisll ation of lhe lllht'fClIllll 

skin test. For the present study, assignments of disease slalus for the Canadian family 

members were accepted as determined by Miller (1991). 

3.5 Data entry and verification 

3.5.1 Genetic marker data 

Ali RFLP data was verified by Dr. Schurr or Ms. Fujiwara. The data was rc­

checked by Ms. Liu or Ms. Buu and myself, with the exception of the typing for markcis 

at the DES and VIL loci in the Colombian families and Hong Kong families #6-) J, 

DESMIN and VIL pEX2(a) marker typing in the Canadian family. and typing al the 

CRYGI-D and the CRYGPI-A,B and C loci in ail families. Ali microsatellite markel 

results were checked by Ms. Paral'j". Ms. Fujiwara, and mysclf. Ali typing IcsultS on 

films and data sheets were checked against ~!'e data enteled in the datah:ise, l'rom which 

text files were exported for linkage analysis. AI'Y data addcd dircctly to text files was 

meticulously compared to data sheets for accuracy. Ali microsatcllite marker typing hall 

to be re-coded for use with the analysis programs so tbat alldes were nlllllhcled from ) 

'" n. In most cases, the largest allde observed was llulllbered l, the next large~t 2, ami 

sa on until the nth allele. The re-cuding was donc to the data files for linkage analysi:-.. 

On occasion, a typing result for an offspring wa~ incompatible with that ot III~/hcr 

indicated parentes) (e.g., the off.-;pnng was typed as a 1/2 and hoth parents werc typcd a~ 

1/1 individuals). In these cases the films concernecJ werc re-Icad; if any typlllg was not 

clear enough for definitive reading the individuals in question were re-typed. Rcpeatcd!y 

inconsistent typing that was clear-cut on the films was taken to indicate cithcr samrle 

mix-up, non-parentage, or mutation of microsatcllites (Weber and Wong, 11)93). 

= 
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3.5.2 Affe;tion status 

The phenotype at the susceptibility locus was designated as an affection status in 

the analysis progranls. No changes were made to the phenotype assignment of tht' 

Canadian family members as indicated in the project datahase by Dr. Miller. Information 

presented in the questionnaires was used to contirm the affcctcd or unafft'ctcd status of 

members of the Colombian and Hong Kong families. The Colombian questillnnairl' 

eonfirmed the c1inical status of family members in the original pedigree diagrams for all 

but two individuals. One family member was reported as smcar positive with an 

abnormal ehest X-ray, and his/her initially unaffeeted status was changed to affcctcd in 

the analysis files. Although the clinical records for the second family member wcre not 

available, he/she was extensively investigated after the family was enrolled in the study 

and determined ta be unaffected (Garcia, 1994, personal communication), and the 

necessary status change was made in the analysis files. 

Based on the medical record information in the Hong Kong qucstionnaircs, 

changes were made ta the c1inical status originally recorded for tluee individuals. In one 

case, an individual originally indicated as affected was described in the questionnaire in 

the following manner: smear and culture negative, no tuherculosis symptoms shown, and 

chest X-ray not determinable or ambiguous. The clil1lcal status of this individual was 

changed to unaffected in the analysis files. In two cases, individuals originally indicated 

as unaffected c1early met the criteria for affected status on the basis of the questionnaire 

documentation. The two persans were described as smear and culture negative with 

abnormal X-rays and display of tuberculosis symptoms. Clinical status for hoth 

individuals was changed ta affeeted in the analysis files. 

3.5.3 Pedigree structure and sample identification 

To validate the pedigree information in Appendices 81-83 and to ensure quality 

control of the DNA sampI es, genetic typing was used to indicHte possihle pmcntage 

misidentification or sample mix-up. The typing for offspring in the study families was 

examined for genetic consistency with parental typing, given the pedigree diagrams. Two 

or more marker inconsistencies in a particular offspring, for which at lemit one 

inconsistency involved an RFLP marker, were taken ta indicate either (1) misidentification 
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of the parcntage of the offspring or, (2) mix-up of the offspring sample. In these eases 

the validity of the parental typing was accepted, since other results were consisî.ent with 

the identified parentage. If inconsisten.jes were found for an individual who was both 

il parent and an offspring in the pedigree diagrams, then the typing for the person and 

his/her children was considered unreliable. 

Inconsistcnt typing was found for several RFLP markers in offspring in two 

Colombian familics. Four offspring were thus excluded From the linkage analysis because 

re-sampling could not be d(me. One Colombian family (RJA) was completely excluded 

from the analysis because of prohlems with sample identification. Several polymorphie 

chromosome 12 markers were used to confirm parent-offspring relationships and sample 

identitication in the Hong Kong families, including variable number of tandem repeat 

(VNTR) markers with a four-base pair (Goltsov et al., 1993) and 30 base-pair tandem 

rcpeat (Goltsov et aL, 1992) in the phenylalanine hydroxylase gene, and a four-base pair 

tandem repeat in the parathyroid hormone-related peptide gene (Pausova et al., 1993). 

The Hong Kong sampI es were also typed with the D2S128 chromosome 2 microsatellite 

marker and were tested with a marker located on the X and Y chromosomes for 

consistency wilh stated gender (Bailey et al., 1992). On the basis of the typing with 

seve raI malkers including an RFLP marker, inconsistencies were found in two sampI es 

from Hong Kong family #2. Because of the stated relationships of the two persons with 

the other family members, the entire family was excluded from the linkage analysis. 

The study contact for the Canadian family was sent a set of questions and a 

pedigree diagram in August 1993 to re-confirm the pedigree structure. The pedigree 

information and sample identification for members of the Canadian family were verified 

with the HLA serologieal typing (Terasaki et al., 1973) and the polymorphie microsatellite 

marker typing, given the indicated parent-offspring relationships. A modification of the 

pedigree was required for analysis becausc of a sample inconsistency identified by marker 

typing. Ail of the Canadian samples used for genetic analysis were' also tested wîth the 

X and Y chromosome marker (Bailey et al., 1992) for consistency \Vith indicated gender. 

Figure 6 presents a summary of the number of families and persons enrolled in 

the study; exclusions From analysis bec au se of detectable inconsistendes or additions to 



• 

• 

• 

Familles 
enrolled in 
the linkage 
analysis 
study 

Persons 
excluded 
because of 
detectable 
errors or added 
as founders 

Families 
analyzed for 
linkage 

Numberof 
persons with 
genetic typing 
at one or more 
locus 

COLOMBIA: 
5 families 
59 persons 

,~ 

COLOMBIA: 
- 15 persons 

" COLOMBIA: 
4 families 
44 persons 

W 
COLOMBIA: 

41 persons 
( 93%) 

HONG KONG: 
13 families 
87 pcrsons 

" 
HONGKONG: 

- 7 pcrsons 

,~ 

HONGKONG: 
12 fall1illC~ 
80 pcrson~ 

" 
HONGKONG: 

72 persans 
( 90%) 

Figure 6. The numbcr of famihes and pcrson~ in the ~tudy 

CANADA: 
1 tal1l1ly 

57 pClson:-. 

w 

CANADA: 
+ 4 pcrsons 

CANADA: 
1 family 

61 pcrson~ 

CANADA: 
46 per~on!, 

( HI%) 
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pedigree as foundt ·s; those analyzed for linkage; and, the number of persons with typing 

at one or more marker loci. A total of 1 Q families were tnrolled by the international and 

Canal.han investigators. For the Canadian family, 57 of the 66 potential participants were 

incJudcd in the present linkage analysis study. Because of the marker typing 

inconsistencics described above, sorne persons were exc1uded so that, of the international 

data set, four Colomhian families (44 persons) and 12 Hong Kong families (80 persons) 

wcre analyzcd for linkage. Four founder individuals of unknown clinical status were 

added to the Canadian linkage analysis pedigree to complete ilS structure, so that this 

pedigree contained a total of 61 individuals. 

Figure 6 also presents the number of family members with genetic typing at one 

or more markcr loci from each geographic region. Not ail persons were typed because 

sorne individuals were t1eceased or otherwise unavailable; in addition, sorne samples were 

depleted prior to the present study or DNA could not be isolated from the blood. 

Thercfore, for sorne markers there are more typing observations--more people typed--than 

for others. The persons for whom there is no genetic typing data are indicated in the 

pedigree diagrams in Appendices B 1-83 with an asterix. In the linkage analysis 

pedigrees, the proportion of persons with known c1inical status who were typed at one or 

more marker loci was 91 % (41/44) for the Colombian families, 90% (72/80) for the Hong 

Kong families, and 81% (46/57) for the Canadian family. 

3.6 Computer progmms and statistical tests 

Ali pedigree, c1inical status, and genetic marker data were entered into a Double 

Helix® datahase, version 3.5r9, on an Apple Macintosh computer. Pedigree diagrams 

were ùrawn hy myself with MacDraw'" Pro 1.5vl and Pedigree/Draw version 4.0 in the 

Macintosh opcrating system and by Dr. Morgan with Pedpack version 3.0 (Alun, 1991) 

for the UNIX operating system. Text files in the form required for the LINKAGE 

programs were generated from the database and translated with Maclink Plus version 7.5 

for use on the DOS machine. Linkage analysis was carried out using the LINKAGE and 

SLINK programs, DOS version 5.1. Selected linkage analysis with the Canadian pedigree 

was carried out by Dr. Morgan with the LINKAGE and MENDEL programs (Lange et 

al., 1988) for the UNIX operating system. 
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Ail members of the Canadian family with known dinical status were invt'stigatl'd 

for tuberculosis during the same well-detlned period of time (approximately 24 Illontlts), 

and their clinical records were checked for prior diagnoses of pnmal}' tuht'Iculosis. 

Therefore, ail of those classitleJ as non-cases were investigaled for disease dlll ing the 

same period of time, in contrast to the situation with the non-cases in the intl'rnational 

families. The student t-test was used to test the significancl' of a diffcrencl' in Illean age 

for cases (at the time of diagnosis of primary disease) and non-cases (al the lime of 

investigation for disease) in the Canadian linkage analysis pedigree. The z test was uscd 

to test the signitlcance of a difference in proportion of fl'males among the saille cases and 

non-cases. A p-value of 0.05 or less was accepted as evidence for a statistically 

significant difference. 

3.7 Linkage analysis 

3.7.1 Preliminary models 

3.7.1.1 Mode of inheritance of the disease trait 

For the linkage analysis in this study, the genetic modd of the inheritance of the 

disease trait was autosomal recessive, consistent with the mouse Bcg model, where "r" 

was the susceptibility allele conferring an increased diseasc risk. Recessive inheritance 

was supported for the non-Iepromatolls leprosy trait following M. leprae infection in 

hum ans on the basis of segregation analysis pcrformed hy Ahd and Demenais (19HH) on 

the Desirade leprosy population. In the mouse, recessive susceptibility to early growth 

of M. leprae is also under the control of the Bcg gene. Because nnn-genetic cases of 

tuberculosis were incorporated into analysis described later in section 3.7, the r/r gcnotype 

at l'BCG" is refeHed to as the higher risk genotype while the R/r and RIR genotypes arc 

the lower risk genotypes. 

3.7.1.2 Susceptibility allele frequeney 

Much consideration was involved in the estimation of a susceptibility allclc 

frequency, q. The availability of applicable data was limited. The prevalcnet of 

tuberculosis in seemingly suitable populations, such as Ahoriginal Canadian, South 

American, or Asian peoples, could not be used for estimation of the frequency. Because 

of the poor living conditions experienced by many people in these regions, including 
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ovcrcrowùing and inadcquate nutrition, non·genetic cases Iikely account for a large, 

unknown proportion of the prevalent cases. The estimation of the total disease prevalence 

al one would be difficult. 

or the linkage analysis literature studied, the robust recessive model proposed in 

an article by Risch et ~1. (19H9) implemented a discase allde frequency of 0.3, which 

translatcd to a lughcr risk (r/r) genotype frequency of 9% in the population, under the 

assumptions of Hardy·Weinberg equilibrium, complete penetrance of the r/r genotype, and 

no phcnocopif·S. Given the history of tuberculosL experience in the populations from 

which the study families originated, natural SL lection may have decreased the 

susccptibility allc1e frequency to a relatively low level (that is, less than 0.50). Therefore, 

a freqllency of 0.3 was considered the upper bound of ~he susceptibility allele frequency 

for this stlluy. 

Ali the study families were chosen because of having multiple affected family 

memhers. This ascertainment method increased the appaJ1t'nt frequency of the higher risk 

(r/r) genotype in the study population, under a recessive model with no phenocopies . 

Information about community members outside the Cana 'Han family was used in the 

estimation of the susceptibility allele frequency. In the comn lunity, four individu ais were 

diagnosed with tuberculosis out of 228 persons assessed, resu\\ing in a disease prevalence 

of 4/22H. If the disease trait was assumed to be due only to a single, completely 

penetrant, recessive gene, then cl = 41228 or 0.0175, and an estimate of the frequency of 

q was 0.13. Given this data and the considerations above, a susceptibility allele frequency 

of 0.2 was chosen, which implied a higher risk (r/r) genotype frequency of 4%, under the 

Hardy-Weinherg equilibrium assumption. This susceptibility allele frequency was used 

in the analysis of ail the study families, and implied a disease prevalence, under complete 

penetrance, of 4 affected persons per 100 individuals. 

3.7.1.3 Penetrance 

For a genetic disorder with no phenocopies, the penetrance for the susceptible 

genotype can he estimated with the disease concordance in monozygous twins. For the 

tuberculosis trait, the monozygous twin concordance is a less appropriate estimate because 

an unknown proportion of cases may be non·genetic in origin, particularly if 
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environmental conditions favour high levels of hactcrial cxposurc and inadt'quatt' imll1ulll' 

status. Of the twin studies availahle, the Kallm:HIIl and Rt'isncr (\943) invt'stigatil'll 

conducted in New York State provided data tn estimatt' penetlaJH.'t" assuming only gcnt,tic 

cases occurred. The monozygous concordance rate of 62%, not adjusted for ditTt'rl'l\l'l'S 

in age distribution, was used as the estimate nf the probahility of diseasc givcn the highn 

risk (r/r) genotype for initial analysis of ail the stully families. In the prcliminmy lllodcJ. 

the phenocopy rate was assumed to be zero. Penetran-:cs Wl'Il' spcdfied as in the tahk 

below, where the abnormal susceptibility allde is designatcd as r. 

Penetrance speciftcations il' the preliminary modcl (no phenocopit's) 

penetrancc of genotype 

phenotype RIR R/r r/r 

affected 0.0 0.0 0.62 

unaffected 1.0 1.0 O.3R 

The phenotype at the susceptibility locus was cnded as an affection statlls for the 

linkage analysis. Affected individuals were assigned the code "2", unaffected pcrso/ls 

were coded as "1", and those of unknown affection status werc givcn the coue "0". The 

three persons in the Canadian family diagnosed with discase prinr to the ollthlcak wcre 

considered affected with primary disease. Lod scores at spccified recomhination fractions 

of 0.0, 0.01, 0.05,0.1,0.2,0.3, and 0.4 were computed with the MLINK program for ail 

analyses, unless otherwise stated. 

The penetrances specified in the preliminary mode! were moditied to allow for 

phenocopies in a second model, which is termed the preliminary phenocopy mmlel. A 

50% phenocopy rate in the population was incorporated in orùer to sec the erfeet of an 

appreciable proportion of non-genetic cases on the lod scores for linkage betwccn disease 

and each marker. The following derivation is specilïc to the particular rate chosen and 

shows the relation between the penetrances of the Jess sllsceptihle genotypcs (R/R and 

R/r) and the most susceptible genotype (r/r), and the susceptibility allele fregucncy . 
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With a 50% phenocopy rate, the number of affected individuals who have the 

lowcr risk genotypes is cqual to the number who have the higher risk genotype at the 

su~ceptibility locus. Assllming that the risks of disease for the R/R and R/r genotypes are 

the same then 

where Ix is the penetrance of the lower risk R/R and R/r genotypes, f y is the penetrance 

of the r/r genotype, anù p and q are the frequencies of the normal and abnormal alleles, 

respectively. Under the asslImption of Hardy-Weinberg equilibrium in the population, 

where p2 + 2pq + cf = 1 or pZ + 2pq = 1 - cf the above equation becomes 

J ~ (J - c/) = Jy c/ and 

Jy = 1 - cf 

J~ (( 

whcrc (1 is the expectcd proportion of the higher risk genotype and (1 - cf) is the 

expccteù proportion of the lower risk genotypes. The disease risk ratio of the higher risk 

relative tu the lower risk genotypes, Jy / fx' is the relative risk of a susceptibility gene 

which is neither necessary nor sufficient for ùisease, and is equal to the probability of 

discase given the inheritance of an abnormal susceptibility allele versus the probability 

of discase withollt the inheritance of a susceptibility al1ele (Greenberg, 1993). This 

relative risk is expressed as a function of the frequency of the abnormal allele. For 

q = 0.20 ar,d Jv = 0.62 as before and solving for the penetrance of the lower risk 

genotypes 

J~ = Iv (0.2
2
) 

1 - (0.22
) 

or Jt: = J,. 

24 

The resulting penetrances for the preliminary phenocopy model are given in the fol1owing 

tahle. 
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Penetrance specifications in the prchminary phelloCl'py nwùl'l 

--
pcnetrance of gt'Ilotype 

phenotype R/R R/r r/r 

affected 0.026 0.026 0.62 

unaffected 0.974 O.Q74 O.3H 

3.7.1.4 A'isumptions ahout the ùisease phenotype 

The preliminary models made the assumption that aIl family Illt.'mhcrs in 11ll' 

linkage study were infected with M. tuherculosis. Ocspitc thc availahility of vCly littll' 

tuberculin testing information, this assumption was likely appropriale for the Colomhian 

and Hong Kong families who were exposed l'rom biI1h to high cndcmic ratl's of 

tuberculosis. In faet, tuherculin skin testing is not performcd in Hong Kong bccausc thl'rl' 

is a policy to vaccinate the entire population, anù environmcnlal exposure lu M. th is 

likely high (Dr. Higgins, 1993, personal communication) . 

It was indicated in the Colomhian questionnaiJe Ihat ail unaffccted family 

members were living with infl-ctious relatives at the time the tubep.:ulosis diagnoses wele 

made. At the same time, the incidence of tuberculosis was reported to he fairly high in 

the areas where the families lived, ranging from 22/100,000 to H2/100,OOO population. 

Based on visits to the homes, investigators inùicateù that thert: was high potcntial for 

airborne transmission in the five Colombian households, WhlCh contained H-15 pcrsons 

each. 

Accorùing ta the Hong Kong questionnaires, ail hut three unaffected pcrsons in 

the 13 study families were living with infectious family membcrs at the time of the 

diagnoses. For five families, ventilation of housing, which contained 1-2 sleeping fOoms 

for 6-9 occupants, was judgeù hy a home visit to he "poor" tn l'fair". For ~evcn familics, 

a high potential for airborne transmission was reported. In the regions of residencc of the 

Hong Kong families at the time of the diagnoses the reported tuberculosis incidence WilS 

very high, ranging from 116/100,000 ta 223/100,000 population . 
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For the Canadian linkage analysis pedigree, the assumption that ail persons were 

infected during the outhreak was Iikely acceptable for the purposes of a preliminary 

model, given the large nurnher of infcctious cases and the frequent contact between 

members. Ali pedigree members were either present in the community during the 

outbreak or Iived with the source case elst:where. Positive tuberculin skin tests were 

ohtained during the outhreak for ail but five of the memhers who had not previously been 

tested positive. The five PPD-negative non-cases, aged 32, 12, 9, 4, and 3 years, 

presented with 0 mm of induration following skin testing during the outbreak. A child 

diagnosed as a culture-negative case, aged 1 year, was also PPD-negative in August 1987 

and January 1988, possihly due to severe tuberculous disease. The negative results in the 

non-cases could have heen the outcome of inadequate teslÎng procedure, perhaps most 

Iikely ta have occurred with the children, or could be due to poor general health status 

(e.g., viral infection or malnourishmcnt). In addition, the skin tests may have been done 

tao early, before the development of cell-mediated immunity as a result of infection. The 

probability that the PPD-negative tests were falsely negative was incorporated in a 

subsequent analysis model. 

The preliminary models also assumed that the clinical status assigned to each 

family member on the basis of certain diagnostic criteria was correct. Estimates of the 

uncertainty of the diagnoses was incorporated in a subsequent analysis model to analyze 

the effects of possible misclassification. 

3.7.1.5 Marker allele frequencies 

For ail families, published alle1e frequencies in Caucasians (n = 643-648, 

depending on the marker) were used for analysis with the RFLP markers at the CRYG1 

and CRYGPl locus (O'ConneIl et al., 1989). AIl other RFLP marker aIlele frequencies 

were estimated from data on 24 unrelated individuals in 12 Caucasian families collected 

to study diabetes susceptibility (48 chromosomes total). DNA for the diabetes families 

was purchased from the Human Biological Data Interchange (U.S.). For the microsatellite 

markers, allele frequencies were estimated using the observed and inferred data in 15 

founder individuals assumed to be unrelated in the Canadian pedigree. In this case, 
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between 21 and 24 chromosomes were informative, depending on the markel; in Sllnll' 

instances, typing for oltly one of two chromosomes of a foulH.kr clluld he infl'! Il'tl. 

3.7.2 Model of diagnostic uncertainty 

In the LINKAGE programs, individuals with differcnt leVt'ls of discasl' risk l'an 

be assigned ta different liahility classes for an affection status locus; f,)J cach dass tlwH' 

is a set of penetrancc values. A level of diagnostic ullI..'ertainty \Va ... illl'olplllaled inlll the 

recessive preliminary model without phenocopies, hy l1lodifying thl' pcnt'llallL'l' fOI the 

three genotypes at the susceptibility locus in seVl'ral Iiability \..'lasses. The plllpnsl' of 

these modifications was ta demonstrate how diagnostic unccl1ainty coulll he lIsed in a 

linkage analysis and to examine the impact of incorporating the pcrceiVl'd aCL'uracy or tht' 

diagnoses on the lod scores of the prelimir'\ry mode\. FtH cach Iiahility c1ass, tilt' 

penetrances were weighted by the positive predictive valUè (PPY) 01 Ilegativl' pll'dictive 

values (NPV) of the diagnoses, de1ïned respective\y as the plOhahility of heing tluly 

affected given an affected diagnosis, and the probahility of bcing tlUly unalfl'ctl'll given 

an unaffected diagnosis. When the certainty of an affected diagnosls and an ullalTected 

diagnosis were the sa me for a group of individuals, each persnn \Vas assigncd to the sarnl' 

liability c1ass, using the MLINK program's phenotype coding system. 

PPV and NPV estimates for the diagnoses of the Colombian, Iiong Kong, and 

Canadian pedigree members were obtained from the medical investigators in cach rcgiol1. 

Each investigator was asked to indicate approximate PPVs and NPVs 1'01 the diagnostic 

situations encountered with the study family members. Seven diagnostic liahility classes 

were constructed using these estimates, Iisted as follows: (1) 100% PPY or definitcly 

affected (for cases in Hong Kong families #1-13); (2) 100% NPY or ddinitely unaffcctcd 

(fOI non-cases in Hong Kong families #1-9 and #11-13); (3) XO% PPV or affectcd with 

80% certainty (for cases in the Colomhian families); (4) 80% NPY or unalTected with 

80% certainty (for non-cases in Hong Kong family #10 and fOf non-cases undcr 13 years 

of age in the Canadian family); (5) 85% NPY or unaffected with BS% certainty (l'Of nOll­

cases in the Colombian families); (6) 90% PPV or at't'ected with 90% certainty (for Cas(!s 

in the Canadian family); and (7) 50% NPV or unaffected with 50% certainty (f\)f non­

cases over 13 years of age in the Canadian family). Because diagnoses for classes 1 and 
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2 and for déL'-;ses 3 and 4 wcrc equal in certainty, tive separate Iiability classes were 

requircd. The pcnetrance "pcclfications were calculated as fol!ows: 

(1) For liability c1a~s 1 (definitely affected or defmitely unaffected): 

in the absence of phcnocopies, and using a hase penetrance level of 62% for the higher 

risk rlr genotype, the pcnetranccs required no adjustment; that is, the following table 

applied. 

Penetrance specifications for Iiahility c1ass 1 (100% diagnostic certaintv) 

penetrance of genotype 

phenotype RIR Rlr rlr 

affected 0.0 0.0 0.62 

::: P(truly affected) ::: P(truly affected) ::: P(truly affected) 
x P(afFected IR/R) x F(affected IR/r) x P( affected 1 r/r) 

::: 1 x 0 = 1 x 0 ::: 1 x 0.62 

unaffcctcd 1.0 1.0 0.38 

(2) For liahility c1ass 2 (affected or unaffected with 80% certainty): 

In the ahsence of phcnocopies, and using a 62% hase penetrance level for the higher risk 

rlr genotype, the following tahle applied. 

Penetrance specifications for Iiahility c1ass 2 (80% diagnostic certtlinty) 

penetrance of genotype 

phenotype R/R R/r r/r 

affectcd 0.2 0.2 0.572 

= P(truly affected) = P(truly affected) ::: P(truly affected) 
x P(affccted IR/R) x P( affected 1 RIf) x P(affected Ir/r) 

+ P(truly unaffected) + P(truly unaffected) + P(truly unaffected) 
x P(unaffc/.:ted IR/R) x P(unaffected IR/r) x P(unaffected Ir/r) 

::: (0.8 x 0) ::: (0.8 x 0) = (0.8 x 0.62) 
+ (0.2 x 1) + (0.2 x 1) + (0.2 x 0.38) 

unaffected 0.8 0.8 0.428 
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(3) For liability classes 3, 4, ami .5 wilh diagnostic l't'rtainty k\'els nt" SS%. \)()i'c>, 

and 50%, respectively, th~ resulti ng pelwtrances wei e as givell in the t'l,lIo\\' mg tabil's. 

Penetrance specitications for liahilitv cla<;s .1 (S.5% lha)!,lln:-.tl'.: ù·(t:llntv) 

1 

-----

p~netIance of genntypl' 

1 
--

phenotype R/R Rh lit 

affected 0.15 n.15 O.5X 

unaffected 085 (U~.5 0.41 ( 

Penetrance specifications for Iiability c\ass 4 (l)()% diagno .... tic n'It:llnty) 

penetrance of \jenutype 

phenotype R/R Rlr Ilr 

affected 0.1 0.1 O.5l)() 

unaffected 0.9 0.9 0.404 

Penetrance specifications for Iiability c1ass 5 (50% diagnostic ccrtainty) 

penetrance of gcnotype 

phenotype R/R R/r I/r 

affected 0.5 0.5 05 

unaffected 0.5 0.5 0.5 

For the Canadian linkage analysis pedigree, non-casc~ who wcrc abo PPD­

negative were not assigned a diagnostic NPV bccause of the po~~ibility that they were 

actually not exposed to M. tuberculoslS. Therefore, the tive PPD-negative per!'>(Jll .... in the 

Canadian pedigree were given an unknown dinical ~tatus for the modd (JI diagnostic 

uncertainty. Ali other Canadian famity memher~ were assumed illfected. The llllknowll 

status code was also assigned ta the three persons Ir. the Hong Kong familie ... who did not 
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live with infcctious relatives. The effect of diagnostic uncertainty on the lod scores for 

linkage between disease a.,d chromosome 2q markers was examined in the Canadian, 

Colombian, and Hong Kong families with the RFLP markers only. 

3.7.3 Sensitivity of Ind score results for disease and TNP-l C, Canadian family 

ln linkage analysis with the Canadian family under the preliminary model, a 

significantly positive lod score was computed with the TNP-l C marker. The lod scores 

for li nkage between the disease and the TN P-l C locus were then eval uated for various 

values of penetrance, susceptibility allele frequency, marker allele frequency, and 

consanguinity in the pedigree, using the MLINK program at specified recombination 

fractions. 

3.7.3.1 Penetrance 

The 62% penetrance level in the preliminary model was derived from the 

Kallmann and Reisner twin study (1943) and may not have accurately represented the risk 

of disease for thase of higher risk genotype in the Canadian family. The relationship 

between the lnd scores for linkage between disease and TNP-l C and penetrance was 

examined by varying the penetrance in a single liability class recessive model, with the 

susceptibility allde frequency held constant at 0.2. The penetrance for the highe:- risk 

(r/r) genotype in the Canadian family was expected ta be substantial given the infection 

intensity but likely not complete due to non-uniformity of exposure and the intervention 

with (;hemoprophylaxis and treatment in August 1987. The penetrance of the r/r genotype 

was thus varied from 50% to 95% in increments of 5% and the maximum lod score at 

each penetrance value was determined. Each penetrance model was analyzed a second 

time with a 50% phenocopy rate in the population to examine the effect of varying 

penetrance when phenocopies were included. For the phenocopy models, [he penetrance 

assigned to the lower risk R/R and R/r genotypes was equal ta the penetrance of the 

higher dsk rlr genotype divided by 24, as determined in section 3.7.1.3. 

3.7.3.2 Susceptibility allele frequency 

Despite much consideration about an appropriate estimate of the susceptibility 

allele frequency in the Canadian family, the choice of a frequency of 0.2 was fairly 
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arbitrary. To examine the relationship between the lod scores for linkage between diseasc 

and TNP-l C and susceptibility alle1e frequency, q, the recessive, preliminary mode! with 

62% penetrance and no phenocopies was analyzed \\ ith the q value varied from a low 

frequency of 0.05 (0.25% of the population would be expectcd to he homozygous r/r) , 

through 0.1 to 0.9 in increments of 0.1, to a high frequency of 0.95 (90% of the 

population would be expected to he homozygous r/r). The same susccptibility allde 

frequencies were then used for analysis with a 50% phenocopy rate in the population, 

which meant a penetrance of 0.62/24 was assigned to the lowcr risk R/R and RI .. 

genotypes. 

3.7.3.3 Marker allele frequency 

The lad score method of linkage analysis can yield false positive cvidence for 

linkage if marker allele frequencies are inappropriately specificd and thcre are untypcd 

parents in the pedigree. Several parents were untyped in the Canadian pedigree. The 

frequency of the TNP-l C allele 1 used in the preliminary model was estimated in the 

diabetes families as 0.33. The relationship betwecn the lod scores for linkage hclween 

disease and TNP-l C and marker alle1e frequem:y was examined by varying the fICquency 

of the TNP-l C allele 1 From very rare values of 0.01 and 0.05, through the range 0.1 10 

0.9 in increments of 0.1, ta extremely comman values of 0.95 and 0.99. Each limc, the 

recessive, preliminary model was analyzed with q = 0.2, 62% penetrallœ, and no 

phenocopies. The models were also analyzed with the addition of a 50% phcnocopy rate 

in the population white the frequency of the TNP-l C allele 1 was varied in the same 

manner as abave. 

3.7.3.4 Consanguinity 

In the process of estimating the susceptibility allele frequency, it was questioned 

whether sorne of the founders of the Canadian pedigree were closely re\atcd as a 

consequt-nce of endogamy. Specifically, it wa..'i thought that possihly (1) descendants of 

the great-grandparents were closely related to their mates, rcsulting in consanguinity loops 

andlor, (2) the mates of the descendants of the great-grandparents were c1osc1y related to 

other in-marrying individuals, resulting in marriage loops (sec Appendix 83). Pedigree 

laops, if they involve very close relationships, should he incorporated into the linkage 
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analysis as they may provide additional information about phase, as long as typing at 

marker loci is available for proximal ancestors in the loops. If none or few of the persons 

connecting the two closely-related family members in the pedigree are typed, the lod 

scores would not be expected to change sigrificamly, if at aH, when the loops are 

incorporated in the analysis. 

Further investigation of possible pedigree loops in the Canadian family was 

undertaken for close relationships between two parents (such as first cousin, tirst cousin 

once removed, and second cousin relationships), or between in-marrying individuals (such 

as parent-(.hild, sihling, half-sibling, aunt/uncle-nephew /niece relationships, in addition to 

first or second cousins). The contact family member was sent a questionnaire and 

pedigree diagram in August 1993 and was intclViewed for more detailed information. 

This information was incorporated by modifying a pedigree file for linkage analysis with 

the loops. The correct specification of the loops in the pedigree file was verified by 

inputting the file to PedigreelDraw, which produced a diagram that was checked by hand 

with the loop information. The pedigree including the loops identitied in 1993 is given 

in Appendix B4. The effect of the previously unklown consanguinity in the pedigree on 

the loli score results for disease and TNP-l C was evaluated by running the preliminary 

model with and without a 50% phenocopy rate on the looped and the non-Iooped 

pedigrees. Selected linkage analyses were carried out by Dr. Morgan with the looped 

pedigree using the MENDEL program to verify MLINK results. 

3.7.4 Adjustment to the preliminary models 

The original estimate of penetrance for the r/r genotype in the preliminary models 

(62%) was directly estimated as the monozygous twin tuberculosis concordance rate 

(unadjusted for age) in the Kallmann and Reisner twin study (1943). This concordance 

rate was actually an underestimate of the penetrance because the sample of index twins 

was ascertained from a population of affected individuals instead of twins, so that a 

proportion of monozygous twins concordant for non-disease were not sampled. Although 

the effect of the initial, inadequate estimate on the linkage analysis results was expected 

to he small, an appropriate estimate of penetrance was subsequently made to take into 

account the sample a..o;;certainment method in the source study. The properly estimated 
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penetrance was 76%. Appendix C describes the justification for the required t'stimate and 

shows linkage results for selected analysis with the appropriate estimate. 

3.7.5 Two-point linkage analysis of markers 

A detaHed genetic map is crucial for the localization of a disease or sll!'ccptihility 

locus to a specifie chromosomal region. Linkage analysis of markers cnahles the 

construction of su ch a map, and wiII often involve both two-point and multi-point analysis 

in order to assign markers to particular chromosomes and then ortler the markers. The 

key to genetic maps is the occurrence of recombination, which is neeessary for the 

ordering of loci (Ott, 1(91). It is preferable that the marker mapping data is not drawn 

exc1usively from families studied for a disease trait and, in general, a fairly large numher 

of independent and informative famiIies are needed for an accu rate map. Map 

construction has been facilitated by the occurrence of highly polymorphie loci and the lise 

of reference pedigrees, such as the Centre d'Etude du Pe\ymorphisme Humaine (CEPII) 

families, which have a particular structure (usually three generations). With a known map 

of markers in a region of interest, the power of linkage analysis with a diseasc trait is 

increased. 

A genetic map containing ail of the markers used in this st'ldy hm) not becn made. 

Partial maps with either RFLP markers of genes of known function or anonymous 

microsatellite markers were available from published sources. In addition, the 

Cooperative Human Linkage Center (CHLC), provided marker maps by dect~(lllie mail 

for the microsatellite markers. 

In an attempt to assemble a consensus map from various sources, two-point 

linkage analysis of the marker data was carried out in order to estimate rccornhination 

fractions between the markers, usîng the MLINK and ILINK programs. Four individuals 

and two families were excluded as in the linkage analysis of the disease trait. The total 

number of families for analysis of the RFLP markers was 17, whercas only the Canadian 

pedigree was studied for the microsatellite markers. Marker allele frequencics were thosc 

used in the preliminary linkage analysis of the disease trait, and the Canadian family wm; 

analyzed without pedi~'ree loops . 
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In the Canadian pedigree, haplotypes were constructed to determine a Iikely order 

of the microsatellite markers. Using the published l'Pap information, the method involved 

inspection of the segregation of the marker alle1es in the family to infer haplotypes for 

14 markers, and to identify the intervals between markers in which a crossover event 

Iikely occurred. The review of published and CHLC sources, along with the two-point 

linkage analysis and haplotype construction, were used to develop a tentative order for 

the chromosome 2 markers used in this study. This map was used in the presentation of 

the lod score results for the linkage analysis between the markers and the disease trait in 

section 4. 

3.7.6 Epidemiological models, Canadian family 

3.7.6.1 Model specifications 

With the Canadian linkage analysis pedigree, more detaited penetrance 

specifications were used that incorporated epidemiological data from the community and 

the clinical information available for 66 family members. A total of three 

epidemiological models were developed and are described as follows. 

Model 1: No phenocopies model 

In this epidemiological model, which assumed the absence of phenocopies, there 

were three Iiahility classes of disease risk; the different classes had different probabilities 

of disease for the rlr genotype. For the susceptibility locus, Iiability cIass 1 was assigned 

to those persons most likely to develop disease, who were pedigree members probably 

exposed to M. tuherculosis for the tirst time. If, under the conditions of high intensity 

of exposure in the Canadian family, genotype at the putative "BCG" susceptibility locus 

was crucial for containment or development of disease, the expected penetrance for the 

susceptible rlr genotype would be very high. However, the disease trait was likely 

incompletely penetrant, primarily because exposure in the family was probably not 

uniform in intensity for ail memhers. Dose and frequency of exposure would differ 

according to (1) the nature of contact with the source case, (2) the nature of contact with 

other affected persons in the family, and (3) the infectiousness of each person's contacts. 

In fact, the presence of a total of eight PPD-negative non-cases in the 66-member 
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Canadian family, if indicating insufficient mycohacterial exposure 10 mount delaycù-Iypt' 

hypersensitivity, suggested variability in exposure level within the pedigret!. 

In order to take into account such variahility in exposure, the penelrance assigned 

to the r/r genotype in e1ass 1 was (1 - an index of insufticient expo"ure). The inùex uscd 

was the number of PPD-negative persons among the non-cases in the family dividt'd hy 

the number of family members skin tesled, which was 8155 or 0.145. The pent'traner in 

the tirst Iiability e1ass was thus t'stimated as (J - 0.145) or 0.85. Class 1 Iiahility was 

assiglled to the 41 infected persons who developed a newly positive skin test with 

:i!: 5 mm of induration during the outbreak, and to the three persons with disease in tht.' 

1950s who were not known to be vaccinated or PPD-positive prior to heing diagnosed as 

cases. The previous cases were 31, 5, and 3 years old at the time of diagnosis. Of 

course, under this multiple Iiability model without phenocopies, the assignmcnt of 

diseased individuals to a partieular class made no difference to the inferencc of thcil 

genotype; ail diseased individuals must necessarily be inferred as r/r. 

Class 2 Iiability was assigned to persons with a lower risk of tuherculous <.Iisease 

becall~e of a protective effeet provided by previous mycohacterial infection or BCG 

vaccinau')n, perhaps influenced by cell-mediated aspects of the immune rcsponse 

(Sutherlan,i, 1976; Ste ad, 1992). For this c1ass, the assumption was made that prcvious 

exposure was similar in extent of protection as BCG vaccination and that the effcct would 

persist for many years. A matched case-control study (n = 100 matched triplets; 2 

controls for each case) of the effectiveness of BCG vaccination in prevcnting later 

tuberculous disease in a comparable Aboriginal population was used lo estimatc 

penetrance in class 2 (Houston et al., 1990). The protective effcct of BCG vaccination 

was estimated as 53% when the vaccination history oftuherculosis cases and controls was 

studied. The Mantel-Haenszel odds ratio of 0.47 for disease was usee.! as the estimate of 

penetrance for the susceptible r/r genotype in this c1ass. The odds ratio rcflcctec.J a variety 

of M. tubercu/osis exposure experiences, time periods since vaccination, ami presumahly 

genetic variation. The assumption was made that either vaccination failed prec.Jominantly 

among those of "BCG" susceptible genotype or that failure was independent of genotype 

at the "BCG" locus. 
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The odds ratio was similar to the failure rate of BCG vaccination in a case-control 

study of Manitoba Aboriginals ilJ which the proportion ofvaccinated individuals that were 

later diagnosed with disease wa" 40% (Young and Hershfield, 1986). Class 2 liability 

was assigned to eight pedigree mernbers with evidence of prior M. tuberculosis exposure, 

as indicated hy a positive skin test usually in the 1970s or early 1980s, or a record of 

BCG vaccination and a positive skin test in the 1980s. One person in the c1ass, however, 

had not been skin tested since a positive result in 1958. 

The third Iiability c1ass corresponded to those at the lowest risk for disease during 

the outbreak because of absence of infection with M. tuberculosis. Class 3 Iiability was 

assigned to the five pedigree members with negative skin test results who may not have 

been infected if the test was truly negative. The false negative rate of PPD skin testing 

among tuberculosis cases has been estimated as 25% during initial evaluation of the 

patients (Holden et aL, 1971). The risk of disease for the rlr genotype in class 3 was set 

to 25%. 

The penetrances for the first epidemiological model (no phenocopies) were as 

presented in the following table, where the susceptibility aile le is denoted as r. 

Penetrance specifications for epidemiological model 1 (no phenocopies) 

Iiability penetrance of genotype 

phenotype c1ass R/R Rlr r/r 

affected 1 0.0 0.0 0.85 

2 0.0 0.0 0.47 

3 0.0 0.0 0.25 

unaffected 1 1.0 1.0 0.15 

2 1.0 1.0 0.53 

3 1.0 1.0 0.75 
'-----

Unaffected individuals could be any of three possible genotypes, because the 

disease trait was incompletely penetrant. The relative probabilities of the three genotypes 
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differed depending on the Iiability c1ass; white the penetrances of the R/R ami R/r 

genotypes were always assigned to be the same, the probabitity that an r/r genotype would 

be inferred for an unaffected person increased as one moved l'rom liahility dass 1 to 3. 

Under the assumption that the frequency of the susceptihility allele was the saille 

in ail the generations of the Canadian family, the expected prevalence of discase, K, for 

the epidemiological models was 

where W; is the prior probability of being in Hability c1a .. '>s i (or the proportion of at-lÏsk 

persons in the i'th liability c1ass), f XI is the average penetrance of the lower risk genotypes 

R/R and R/r in liability class i, f y• is the average penetrance of the higher risk gt.'notype 

rlr in liability c1ass i, and q is the frequency of the susceptihility allde. 

The prior probability of being in liability c1ass 3 was estimated from tht' 

proportion of PPD-negative individuals in the Canadian family, legardless of t1iseasc 

status, which was 9/55 family members tested or 16%. A community-derived estimatc 

of PPD negativity would not have been a reliable estimate of this prim prohability 

because a lower level of exposure was likely experienced hy other persons (outsidc the 

family) during the outbreak A community estimate was available for the prior 

probability of being in c1ass 2 hecause 14% of the community wa..<.; known to he skin test 

positive or BCG vaccinated prior to the outhreak (Dr. Fanning, 1993, personal 

communication). The prior probability of being in c1ass 1 was cstimated as 

1 - (0.14 + 0.16) or 70% becaust the three Iiability classes werc mutually cxc1usive4
• 

With these prior probabilities the expected prevalence of disease in the population undcr 

the tirst epidemiological model could be estimated as 

K = 0.70 [f Xl (1 - cf) + fY1 ci J + 

0.14 [Ja(1- cf) + fY2t/1 + 

0.16 [f X3 (1 - cf) + fYJ cil 

4An estimate of this prior probability from the family would be 44/55 or HO%, 
ca1culated as the proportion of newly PPD-positive persons among those skin tested. 
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whcre f:cl = I)(1 = f Xl = 0 and fYl = 0.85, fyz = 0.47, fYJ = 0.25 

which simplified to 

K = {0.7(0.85) + 0.14(0.47) + 0.16(0.25)} cf 

K- O.7ei 

Model 2: Phenocopy model with three liability classes 

99 

The second epidemiological model differed from the first in that susceptibility was 

added to the RIR and R/r genotypes in each Iiability class. Under this model, it was 

assumed that the relative risk for disease for genotypes at higher risk (r/r genotype) was 

ten times the risk for genotypes at lower risk (R/r and RIR genotypes), regardless of 

Iiability class, so that I y• / ru = 10/1 for i = 1 ... 3. This relative risk assigned a 

relatively strong protcctive effect to the R allele. As shown by Greenberg (1993), linkage 

may be difficult to detect for a susceptibility locus unless the probability of disease is ten 

times more Iikely given a higher risk genotype. The penetrances required under the 

second epidemiological model are presented in the following table. 

Penetrance specifications for epidemiological model 2 (with phenocopies) 

Iiability penetrance of genciype 

phenotype class RIR Rlr rlr 

affected 1 0.085 0.085 0.85 

2 0.047 0.047 0.47 

3 0.025 0.025 0.25 

unaffected 1 0.915 0.915 0.15 

2 0.953 0.953 0.53 

3 0.975 0.975 0.75 

The expected prevalence of disease under the second epidemiological model was 

estimated with the same prior probabilities of belonging to each liability class as in the 

first roodel. This gave 
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K = 0.70 [0.085(1 - t{) + 0.85tfJ + 

0.14 [0.047(1 - t{) + 0.47q2J + 

0.16 1°.025(1 - cf) + 0.25q2J 

K.... 0.07 + 1.5 tf 

Model 3: Phenocopy model with four Iiability classes 

100 

The third cpidemiological model differed from the previous two in lhat the effe~t 

of age on disease risk was included in a fourth liability clas", Infants youngcr than 2 

years may have increased susceptibility in general to tuberculosis due to thc immaturity 

of the immune system. The capability of particular host responses to infection, pCI haps 

including macrophage function, Iikely increases in normal infants as the immune system 

develops. Children under 2 years in the Canadian family wl're likely at diffclent stage~ 

of immune developmcnt sa that the protective effect of the rl'sistant genotype was less 

strong. At the same time, aider persans greater th:m 65 years of age expcricncc a 

deterioration of immune function which may increase the risk of tuherculosis. The 

protective effeet of the resistant genotype might be expl'cted to wanl' for ddl'rly persons 

exrosed to infection. 

The average risk of disease assigned to the R/R and R/r gl'notypes in the fourth 

Iiability class was set to one-half the risk in the r/r genotype. In other words, the R/R and 

R/r genotypes were assumed to have had a weaker protective effect in this class than in 

Iiability classes 1, 2, and 3, and a larger proportion of phenocopies could have occurred 

among affected individuals in the fourth Iiability c1ass, ClasH 4 Iiability W;L't assigned tu 

the four persons in the pedigree under 2 years of age, As it happened, the only per:,on 

over 6S years in the pedigree was a previous case; for this person, the affected status 

referred to his/her first diagnosis of tuherculosis which occurred at the age of 31 years, 

so that he/she remained in cIass 1 under the third epidemiological model. 

The penetranee of the r/r genotype in cJass 4 should have been at le;L~t as high :ts 

that in cIass 1 sinee persons in cIass 4 were a<;sumed to have been newly infected. In the 

absence of any additional information for disease risk in inf:tnts under the conditions 

experienced by the Canadian family, the penetranee for the r/r genotype in class 4 W~L~ 
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set to the same level as that in c1ass 1, or 85%. The penetrances for the third 

cpidemiological model are presented in the following table. 

Penctrancc specifications for epidemiological model 3 (with phenocopies) 

liability penetrance of genotype 

phenotype class R/R Rlr rlr 

affccted 1 0.085 0.085 0.85 

2 0.047 0.047 0.47 

3 0.025 0.025 0.25 

4 0.425 0.425 0.85 

unaffected 1 0.915 0.915 0.15 

2 0.953 0.953 0.53 

3 0.975 0.975 0.75 

4 0.575 0.575 0.15 

In order to estimate the prior probabiliLy of belonging to li abil it y class 4, family 

data was useù because community age statistics were not available. In the 66 member 

family, seven persons were under 2 or over 65 years, that is, about 10%. The probability 

of membership in c1ass 1 was thus modified to [1 - (0.14 + 0.16 + O.1)J or 0.6 under 

this model. The expected prevalence of disease under the model was estimated as 

K = 0.70 /0.085(1 - cf) + 0.85cfJ + 

0.14 /0.047(1 - ci) + 0.47cfJ + 

0.16 /0.025(1 - ci) + 0.25cfJ + 

0.10 /0.425(1 - ci) + 0.85cfJ 

Kra 0.11 + 2.3 cf 
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Table 7 demonstrates the predicted diseao;c prevalence and phenllcopy raIt' for c:lch 

of the epidemiological models, for values of q = 0.2 (4% of population homozygolls r/r) 

and q ;;: 0.4 (16% of population homozygolls r/r). 

Table 7. PredicteJ prevalence of disease and phenocopy raIes under tluce 
epidemiological modets (for two selected susceptihility aBeie frcqucnl'il's, (/) 

Model Liability Number of Prior li Prcdictcd PI l,tliell'lI 

c1ass persans probability disease phcllocopy 
assigned 10 prevalcnce 1 ale 

c1ass 

1* 1 44 0.70 0.2 2.8% 0 

2 8 0.14 0.4 11% 0 

3 5 0.16 

2t 1 44 0.70 0.2 9.5% 70% 

2 8 0.14 0.4 17% 34% 

3 5 0.16 

3t 1 40 0.60 0.2 13% 7H% 
<-

2 8 0.14 0.4 20% 44% 

3 5 0.16 

4 4 0.10 

Notes. 

* no phenocopies 
t with phenocopies 

3.7.6.2 Two'"point linkage analysis with diseao;e 

With th<:- Canadian pedigree, linkage analysis wao; carried out undcr the tluee 

epidemiologlcal models with the disea'ie trait and TNP-l C, the marker which provided 

the highest lod score in the preliminarv analysis with the disease. The non-Iooped and 

looped pedigrees were used under each of the three models, with susceptibility allc\e 

frequencies of 0.2 and 0.4, using the MLINK program at seJected recombination fractions 
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(the results are displayed in Appendix 0). The lod score results under the three 

epidemiological mndels were fairly similar, producing parallel curves. The models 

differed <mly in allowance for phenocopies and the re-assignment of a few individuals to 

a fourth Iiability da~s of greater Iiability for the lower risk genotypes, which modified the 

Ind scores only ~·Iightly. Linkage analysis of the disease and the full set of the RFLP and 

microsatellite markers was carried out under the most comprehensive epidemiological 

model (four liability classes) only, as this model was designed to be the most "realistic ll
• 

The model was run with the larger susceptibility allele frequency of 0.4 to allow for a 

highcr prevalencc of di!;case in the population and a lower proportion of phenocopies; 

without evidence of concomitant disease in the family, the phenocopy rate of 78% 

predicted with an allele frequency of 0.2 may have been tao high. 

Section 3.7.3 concentrat..'d on the lod score results achieved with the disease trait 

and TNP-l C, the marker providing the highest lad score with the Canadian pedigree. 

However, there w.!re two other markers of the TNP-1 locus which showed a lack of 

recombination with TNP-l C in two-point analysis l1f the markers. Because more matings 

may have become informative when the three markers were combined, it was more 

appropriate to use the markers simultaneously and form a TNP-1 haplotype ta analyze 

with the disease trait. There was a total of 14 sets of matings in the Canadian pedigree. 

Under no phenocopy models for which affected parents were inferred to be r/r at the 

susceptibility locus, the tluee markers were informative for different matings in the 

pedigree: TNP-l Band C were informative for more matings than TNP-1 A (seven and 

eight matings for Band C, respectively); TNP-l A was informative for only two matings, 

one of which was not informative for TNP-l B or C. 

The TNP-l haplotype and the other RFLP markers were analyzed under the third 

epidemiological modet (four liahility classes) with the non-Iooped and looped Canadian 

pedigree using the MLlNK program, at recombination fractions of 0.0, 0.01, 0.05, 0.1, 

0.15, 0.2, 0.25, n.3, and 0.35. The microsatellite markers were analyzed at the same 

recomhination fractions with the looped and the non-Iooped pedigree, using the marker 

allele frequencies estimated on the founders who were originally presumed to be 

unrelated. Linkage analysis of the complete set of the microsatellite markers was not 



• 

• 

• 

lOI 

practical b~cause of excessive demands on compuling time for markl'rs with 1ll11ll' than 

three alleJes in a pedigree with tive loops. lIowever. for thl' mal kl'IS whil..'h Wl'Il' 

analyzed with hoth pedigree structures, the results show cd only slight l'hangl'~ in the loti 

scores with the addition of the loops. 

SECfION 4: RESULTS 

4.1 Description of the linkage analysis pedil!l"CèS 

4.1.1 Colombian and Hong Kong families 

The Colomhian and Hong Kong families lived in regions of c1evatl'd luhl'll.'ulllSis 

incidence. Incidence rates for years in which cases were being diagnosl'd, as l'stllnall'll 

in the questionnaires, are presented in Tahle 8. Ali families exccpt Hong Kong #10 llveli 

in regions where the tuherculosis incidence was dccrea.;ing ;l! the time the lilsl I..'a"l' was 

diagnosed in each family. The location of residcnce llr Hong Kong family #\() hat! a 

stable incidence of disease. 

With respect to the structure of the pedigrees studied with linkage analysls 

(rccalling the, exclusion of several family memhers), the toto ' nUlllher of (1l'ISllIlS in Iht.' 

four Colomhian (GY, MAM, RAY, and RES) and 12 Hong Kong families (#\, ~-\3) was 

44 and 80, respectively. Ali of these international pedigrees conlained one alkcll'd and 

one unaffeeted parent in the first generation, except falIlily MAM. Thll'l' of' tht.' 

Colombian families (GV, MAM, and RAY) consisted of two gcnci alions wilh (-Cl 

affected children. Family RES consisted of three generations and contaim:d Iwo al'kelnl 

offspring. The Hong Kong pedigrees containcù two generations of indlviduals and the 

number of affected cbildren ranged from 1 to 4. 

Aceording to the clinieal information in the Colomhian questionnaire, the ages ;11 

diagnosis for the affeeted persons in the analyzed pedigrees ranged l'rom 2 ICI 5X yefll s. 

Included in this group were three person~ who had had two tuberculosis diagllo"e.." 'i-J() 

years apart. The total number of persons affceted at least once was 15, includlng JO 

males and five females with dates of diagnosis ranging from IlJ5lJ- }<J<JO Of the ca<;l'S 

and non-cases analyzed, 87% and 76% wert' known to have becn BCG vaccinatcd, 

respectively. For families GY, MAM, and RAY, ail childrcn bllt no parcnh were 
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• Table 8. Tuberculosis incidence for Colombia and Hong Kong 

Family Region of Tuberculosis Family Region of Tuberculosis 

residence cases per residence cases per 

100,000 100,000 

(year) (ycar) 

GV Itagui, 25.8 HK 5 Wong Tai Sin, 138.3 
Antioquia (1987) New Kowloon (1985) 

MAM Medellin, 71.2 HK6 Tai Kok Tsui, 223.2 
Antioquia (1989) Kowloon (1971) 

136.6 
(1983) 

RAV Medellin, 82.4 HK 7 Ngau Tau Kok 123.6 
Antioquia (1987) (1988) 

RES Itagui, 22.0 HK8 Temple Hill, 175.5 
Antioquia (1989) New Kowloon (1976) 

• RJA Bello, 22.6 HK9 Diamond Hill, 183.6 
Antioquia (1989) New Kowloon (1975) 

HK* 1 Peng Chau 129.5 HK 10 Chai Wan 134.3 
Island (1987) (1986) 

HK2 Kwai Chung 129.5 HK 11 Shek Kip Mei, 138.3 
(1987) Kowloon (1985) 

f--' 

HK3 Tsuen Wan 12~.5 HK 12 Kwun Tong 134.3 
(1987) (1986) 

109.2 
(1991) 

HK4 Wan Chai 129.5 HK 13 Tai Po 116.4 
(1987) (1989) 

source: International questionnaire data • ... Tine ahhreviation HK denotes Hong Kong 
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vaccinated. In family RES, ail offspring who had no children of their own were 

vaccinated, as was the affected founder of the family (Appendix BI). 

The ages at diagnosis for the Hong Kong family mcmhers ranged from 5 to 72 

years in the questionnaires, the cases having been identitied bctwccn 1971 and 1990. Six 

persons were indicated to have had a prior tuberculosis diagnosis hut for only ont' 

individual was the year of the earlier diagnosis available. The total numher of afti.'cted 

persons in the analyzed pedigrees was 39, induding 27 males and 12 females. BCG 

vaccination status was unknown for 36% of the cases and 20% of the non-caSt'S (22 

mdividuals in total). Of the cases and non-cases whose vaccination status was known. 

72% and 85% were indicated ta have been vaccinated, respectively. Only in one family 

was every member known to have been vaccinated (Hong Kong #10) (Appendix B2). 

4.1.2 Canadian family 

The Canadian linkage analysis pedigree contained 61 persons, with c1inical status 

information for 57 individuals. Twenty memhers of the pedigree ""cre diagnosed with 

tuberculosis during the 1987-1989 outbreak. One of these individuals and two othcr 

pedigree members were previously affected with primary disease. The total numher of 

affected persons in the linkage analysis pedigree was th us 22. For the person with two 

diagnoses of disease, the age at diagnosis used for the fol1owing descriptions was that at 

the time of the primary diagnosis. The me an age of the affected persons in the pedigree 

was 13 years with 36% of these being female. For the 37 members who remained non­

cases during the outbreak and did not have a previous diagnosis of disease, their mcan 

age at investigation was just under 20 years with 49% of these persons being female. 

A frequency distribution for the cases and non-cases in the pedigree by age and gcndcr 

is presented in Table 9. The mean age of the cases and non-cases did not differ 

significantly aIthough the non-cases tended to be aIder, perhaps because of a greatcr 

chance of being protected by previous exposure or BCG vaccination (t~~ = 1.91; 

0.05 < P < 0.10, two-tailed). Three persons, ail non-cases, wcrc BCG va(~cinatcd as 

school-aged children in the late 1950s and early 1960s. The total proportion of females 

in the two groups did not differ significantly (z = 0.9; P = 0.37, two-tailed) (Armitage and 
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Tahle 9. Frequency distributions for cases and non-cases in the Canadian 
linkage analysis pedigree, by age and gender 

Cases Non-cases 

Age category Number Number of Number Number of 
females females 

:s: 2 years 3 0 1 1 

3-13 yems 8 3 16 7 

14-25 years 9 4 7 3 
t--

26-60 years 2 1 11 6 

> 60 years 0 0 0 0 

Totals 22 8 (36%) 35 17 (49%) 
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Berry, 1987). The age and gender comparisons of the cases and non-cases made 

theassumption, as did many of the linkage analysis models, that ail of the non-cases were 

infected during the outbreak and thus had the opportunity to develop disease. 

4.2 Lod scores for linkage hetween disease and markers under the preliminary 
model 

4.2.1 Colombian and Hong Kong families 

Because of the similarity of the clinical phenotype definitions in the Colombian 

and Hong Kong families, the lod scores at each recombination fraction were summed 

across these pedigrees. Under the preliminary recessive model with 62% penetrance, a 

susceptibility allde frcquency of 0.2 and no phenocopies, totallod scores summed across 

the international pedigrees were generally negative because recombination~, were observed 

(Table 10). Significant evidence against close linkage between markers and the disease 

trait was achieved, with at least 100:1 odds (lod score of -2), at 0% recombination for 

TNP-l A, tn 1 % recomhination for VIL E-84, DESMIN, and INHB-Al, to 5% 

recombination for VIL 7 No.6, VIL E-62, and VIL pEX2(a), and to 10% recombination 

for TNP-l C. The maximum lod score was not significant, reaching 0.3 for CRYG1-D 

at 20% recombination . 
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Table 10. Preliminary model lad score results, Colombinn and Hong Kong families 
(no phenocopies) 

Disease with Lod score at specified recomhination fraction 

marker 0.0 0.01 0.05 0.1 0.2 0.3 UA 

CRYG1-D -0.42 -0.45 -0.30 o.cn 0.30 0.25 O.()l) 

CRYGP1-A -1.82 -1.71 -1.29 -0.85 -0.34 -0.11 -0.02 

CRYGP1-B -0.45 -0.36 -0.16 -0.05 0.02 0.02 0.01 

CRYGP1-C -1.88 -1.69 -1.19 -0.81 -0.39 -0.16 -(l.()4 

FN61039-H -0.81 -0.71 -0.46 -0.30 -0.13 -0.05 -(Ull 

FN61039-M -1.18 -1.05 -0.66 -0.36 -0.08 0.00 (Ull 

TNP-1 A -2.06 -1.88 -1.38 -0.95 -0.45 -0.17 -O.fl4 

TNP-1 B 0.03 0.03 0.03 0.02 0.01 0.01 0.00 

TNP-1 C -5.39 -4.64 -3.09 -2.07 -0.97 -0.39 -(Ul9 

VIL 7 No.6 -3.43 -3.03 -2.20 -1.57 -0.79 -0.34 -0.09 

VIL E-62 -3.75 -3.41 -2.53 -1.71 -0.71 -0.24 -0.05 

VIL E-84 -3.32 -2.89 -1.95 -1.30 -0.60 -0.23 -(UlS 

VIL pEX:2(a) -3.18 -2.82 -2.16 -1.64 -0.82 -0.32 -(UI7 

DESMIN -3.19 -2.72 -1.83 -1.25 -0.60 -0.25 -0.06 

INHB-A1 -3.12 -2.70 -1.88 -1.32 -0.66 -0.28 -o.m 
-

Note. Lod scores were summed across ail families at each rccomhination fradion. 
Indicated in bold print are lod scores which significantly exclude linkage at the 
recombination fraction specified. Marker loci are Iisted in order proximal to distal along 
the long arm of chromosome 2, in accordance with the RFLP map in section 4.5 . 
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When the lod scores for linkage of disease and each marker were examined by 

family, the scores at 0% recombination were predominantly negative, with values from 

close to zero to about -2 (data not shown). Most often, negative values of between -0.1 

and -1 were computed for a single family. Similar evidence against linkage was obtained 

by both Colomhian and Hong Kong pedigrees despite their differences in ethnicity. Of 

the positive lod scores computed at 0% recombination, most were less than 0.5. A lod 

score of approximately 0.6 was calculated for two markers (CRYG1-D and VIL E-62) for 

Hong Kong families #6 and 10, respectively. A maximum lod score of 0.82 was 

computed at 0% lecomhination for CRYG1-D in the MAM family; in contrast, the same 

family provided a 10<.1 score of -2.04 at 0% recombination for DESMIN. For each marker, 

only 1-6 families were informative of the 16 international pedigrees analyzed. 

Table Il presents the total lod scores summed across the Colombian and Hong 

Kong families for analysis under the preliminary phenocopy model, with a 50% 

phenocopy rate in the population. Less evidence against linkage was obtained for markers 

which had provided negative minimum lod scores under the no phenocopy model (Table 

10); despite the general iI1crease in lod scores, however, recombinations were still 

ohserved hecause the majority of the scores were negative. The maximum lod score 

computed was 0.23 for CRYGI-D at 20% recombination. Linkage with disease was 

significantly exc1uded at 0% recombination for VIL pEX2(a), and to 1 % recombination 

for TNP-l C, VIL 7 No.6, and VIL E-62. Between one and 10 fa mili es, depending on 

the marker, were informative for analysis under the preliminary phenocopy model, an 

increase compared to analysis without phenocopies because a heterozygous R/r genotype 

could llOW be inferred for an affected person. 

Based on conserved linkage between mou se chromosome 1 and human 

chromosome 2q. several of the RFLP markers were in the vicinity of the target region for 

a human flBCG fI susceptihility gene. Under the preliminary models these markers, in 

particular those at the villin locus, provided significant evidence against linkage with the 

disease trait when the lod scores were added across the Colombian and Hong Kong 

families . 
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Table 11. Preliminary phenocopy model lad score results, 
Colombian and Hong Kong families 

Disease with Lod score at specified recombination fraction 

marker 0.0 0.01 0.05 0.1 0.2 0.3 0.4 

CRYGl-D -0.41 -0.37 -0.15 0.06 0.23 n.tH ().O6 

CRYGPl-A -1.13 -1.06 -0.80 -0.54 -0.23 -O.OH ·0 02 

CRYGP1-B -0.13 -0.11 -0.05 -0.01 0.02 0.02 o () 1 
-

CRYGP1-C -0.89 -0.84 ·0.67 -0.50 -0.26 ·0.11 ·0.0] 

FN61039-H -0.38 -0.35 -0.26 -0.18 -0.09 -0.03 ·0.01 

FN61039-M -0.16 -0.12 -0.01 0.07 0.10 O,()7 (UI:! 

TNP-l A -1.36 -1.28 -0.98 -0.71 -0.34 -0.14 -O.IU 

TNP-1 B 0.03 0.03 0.02 0.02 0.01 0.00 () .O() 

TNP-l C -2.73 -2.55 -1.92 ·1.38 -0.68 -0.29 -0.07 

VIL 7 No.6 -2.14 -2.02 -1.61 -1.20 -0.63 -O.2H ·IUI() 

VIL E-62 -2.57 -2.41 -1.82 -1.25 -0.53 -0.18 -0,(14 

VIL E-84 -1.78 -1.64 -1.23 -0.87 -0.42 -0.17 -(1.(14 

VIL pEX2(a) -1.97 -1.89 -1.58 -1.21 -0.62 -0.25 -(UI() 

DESMIN -1.73 -1.61 -1.24 -0.89 -0.45 -0.19 ·C1.(14 

INHB-Al -1.68 -1.58 -1.24 -0.93 -O.4S -0.21 ·CUI5 
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--

Note. Lod scores were summed across ail families at each rccomhinalioi1 fI action. 
Indicated in botd print are lod scores which signific~lnt\y cxc\udc linkage al the 
recombination fraction specified. Marker loci are Iisted in order proximal to distal along 
the long arm of chromosome 2, in accordance with the RFLP map in section 4.5. 
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4.2.2 Canadian family 

Under the preliminary recessive model (no phenocopies) with the Canadian family, 

maximum lad scores approaching or exceeding a value of 2 (100:1 odds in favour of 

linkage) were computed at 0% recombination with TNP-1 B, TNP-1 C, and D2S128, and 

at 5% recomhination with CRYG1-A (Tables 12 and 13). A maximum lad score 

approaching or exceeding a value of 1 (10:1 odds in support of linkage) was calculated 

at 20% recombination for CRYG1-0, 02S157, 02S137, 02S173, and 02S126. Close 

linkage was excluded with a lod score or -2 or less at 0% recombination for 02S 157, 

02S137, 02S173, and 02S172, to 1% recombination for 02S120 and PAX-3, and ta 5% 

recombination for 02S206. Other loci either yielded minimum lad scores between -1 and 

-2 or lod scores within one unit of zero for aIl recombination fractions specified. The 

four VIL markers, which were expected ta be close ta the target region for a susceptibility 

gene on the basis of human-mouse homology, were most often homozygous, providing 

no information in favour of or rejecting linkage with the disease trait. The exception was 

the VIL E-84 marker, for which weak evidence against close linkage was observed. 

Most signitkantly, the maximum lad scores with 02S128, TNP-l B, and TNP-1 C 

were 1.96,2.55, and 3.31, respectively, ail at 0% recombination, indicating close linkage 

between the disease trait and the marker loci in the pedigree. The TNP-1 C resuIt 

exceeded the crîtical lod score value of 3 for statistically significant support of linkage 

with disease. The approximate 95% confidence interval for the TNP-1 C result, defined 

as the range in recombination fraction values from ZltUl.t ta Z11U1X - 1 for a Zma;c> 3 (the 

1-lod unit support interval; Ott, 1991), was large and ranged from a lower bound of 0% 

rccombination to an upper bound of 15% recombination. 

Figure 7 shows lod scores for selected markers under the preliminary model (no 

phenocopies) for the Canadian and the international pedigrees. There is a large difference 

between the TNP-l C lod scores of the Canadian family versus the Colombian and Hong 

Kong families, suggesting that the disease trait, as defined, is closely linked in the 

Canadian pedigree and not linked in the intemational pedigrees when their lad scores are 

summed. The Canadian pedigree provided weakly negative lod scores for the VIL E-84 

marker, whereas the total lod scores for the same ma:-ker were significantly negative in 
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Table 12. Preliminary model lod score resuIts with RFLP markers, Canadian family 
(no phenocopies) 

Disease with Lod score at specified recombination fraction 
1 

marker 
1 

0.0 1 0.01 1 0.05 1 0.1 1 0.2 1 0.3 1 ~ 
CRYG1-D -0.16 0.01 0.46 0.73 0.86 O.6H 0.31 

--
CRYGP1-A 0.00 0.00 0.00 0.00 0.00 0.00 O.Ol) 

CRYGP1-B 0.00 0.00 0.00 0.00 0.00 n.oo (Ull) 

CRYGP1-C -1.22 -1.14 -0.88 -0.65 -0.34 -0.16 -O.OS 
-

FN61039-H -1.83 -1.42 -0.64 -0.22 0.10 0.13 0.05 

FN61039-M -0.77 -0.56 -0.23 -0.08 n.n3 0.06 0.0:1 

TNP-1 A -0.13 -0.12 -0.10 -0.08 -0.04 -0.02 0.00 

TNP-l B 2.55 2.52 2.39 2.20 1.73 1.15 0.49 

TNP-l C 3.31 3.25 3.0n 2.68 2.00 1.27 o.s:~ 

VIL 7 No.6 0.00 0,00 0.00 0.00 0,00 0.00 n.O() 

VIL E-62 0.00 0.00 0.00 0.00 0.00 n.oo n.oo 

VIL E-84 -0.19 -0.18 -0.15 -0.12 -(l.O6 -o.m -CUII 

VIL pEX2(a) 0.00 0.00 0.00 0.00 0.00 0.00 (UIO 

DESMIN ·0.98 -0.86 -0.57 -0.38 -0.17 -0.07 -0.02 

INHB-A1 -1.13 -0.91 -0.50 -0.28 -0.07 0.02 0.(14 

Note. Indicated in bold print are maximum lod scores in favour of linkage hctw('cll the 
marker and the disease trait. Marker loci are listed in oroer proximal tn distal along the 
long arm of chromosome 2, in accordance with the RFLP map in section 4.5 . 
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Tahle 13. Preliminary model lod score results with microsatellite markers, 
Canadian family (no phenocopies) 

Disease with Lod score at specified recombination fraction 

marker 0.0 0.01 0.05 0.1 0.2 0.3 0.4 

CRYG1-A 1.25 1.49 1.75 1.74 1.45 1.00 0.44 

D2S157 -3.07 -0.16 0.80 1.10 1.11 0.82 0.37 

D2S128 1.96 1.94 1.84 1.69 1.33 0.89 0.38 

D2S137 -3.13 -0.72 0.30 0.69 0.87 0.69 0.31 

D2S104 -0.73 -0.61 -0.35 -0.20 -0.06 0.00 0.02 

D2S173 -2.98 -0.92 0.15 0.56 0.74 0.57 0.22 

D2S120 -3.94 -3.06 -1.25 -0.47 0.03 0.08 -(Un 

D2S126 -1.59 -1.33 -0.14 0.42 0.69 0.55 0.22 

D2S102 -1.25 -1.24 -1.11 -0.90 -0.51 -0.25 -0.09 
f-

PAX-3 -2.67 -2.41 -1.33 -0.68 -0.12 0.03 0.00 

D2S172 -2.67 -1.38 -0.67 -0.27 0.06 0.10 0.02 
r' 

D2S206 -2.62 -2.61 -2.32 -1.69 -0.85 -0.39 -0.12 

D2S125 -0.94 -0.95 -1.01 -1.06 -0.93 -0.55 -0.22 -, 

D2S140 -0.89 -0.87 -0.77 -0.63 -0.39 -0.19 -0.06 
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Note. Indicated in bold print are maximum lod scores in favour of linkage and minimum 
lod scores that signiticantly exclude linkage at the specified recombination fraction. 
Markers are Iisted in order proximal to distal along the long arm of chromosome 2, in 
accordance with the microsatellite map in section 4.5. 
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Canada refers ta results with the Canadian pedigree 
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---TNP-1 C (Canada) 

TNP-1 C (CoI/HK) 

~ 

VIL E-84 (Canada) 
)0( ... 

VIL E-84 (CoI/HK) -D2S 128 (Cdnada) 

~157 (Canada) 1 

Col/HK refers ta results summed over the Coiombian and Hong Kong pedigrees 
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the international families, producing a similar curve as that for TNP-1 C. The three 

informative curves for the Canadian pedigree indicate that there is evidenee for a 

susceptibility gene c10sely linked to TNP-1 C and 02S128 (with at least 100:1 odds), and 

at 10-20% recombination from 02S157 (with 10:1 odds). The 02S157 lad score curve 

for linkage with disease has a sharp bend because at least one recombination was 

ohserved (negative Ind scores were computed at low recombination fractions); linkage 

with this marker is supported al higher recomhination fractions, although not signiticantly. 

The lod score results for the Canadian pedigree under the preliminary phenocopy 

model, with a 50% phenocopy rate in the population, are presented in Tables 14 (RFLP 

markers) and 15 (microsatellite markers). In general, the addition of phenocopies resulted 

in elevation of the minimum lod scores to more positive values, when compared ta the 

results under the preliminary, no phenocopy model (see Tables 12 and 13 for 

comparison). F(Jr several markers, recombinations were no longer observed sa that 

minimum lod scores greater than zero were calculated (CRYG1-D, D2S157, 02S137, 

D2S 173, 02S 126, and D2S206). The maximum lod scores for TNP-1 Band C decreased 

to 2.41 and 3.02, respectlvely, at 0% recombination, white maximum lod scores for olher 

markers either remained at about the same level (CRYG1-D, CRYGI-A, D2S157, 

D2S173, and 02S126) or increased by about 0.1-0.2 (D2S128 and D2S137). With the 

addition of phenocopies, the recornbination fraction at which the maximum Iod scores 

occuned tended to he .. hifted doser ta zero since recombinations were less Iikely under 

this mode!. Weak evidence against close linkage with disease was still observed for VIL 

E-84. Significant exclusion of linkage was provided by the 02S206 marker to 1% 

re(;ombination. The linkage of the disease trait to the TNP-1 and 02S128 region 

continued to be supported in the Canadian pedigree. 

4.3 Lod scores fnr linkage between disease and markers under the model of 
diagnostic unce.·tainty 

4.3.1 Colombian anù Hong Kong families 

The effect of diagnostic uncertainty on the Iod score results with the Colombian 

and Hong Kong famifies depended on the marker used, because estimates of diagnostic 
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Table 14. Preliminary phenocopy model lod score results with RFLP markt'Is, 
Canadian family 

Disease with 1 Lod score at specified recombination fraction 

marker 
1 0.0 1 0.01 1 0.05 1 0.1 1 0.2 1 0.3 1 

0,4 J 
CRYG1-D 0.45 0.53 0.75 0.87 0.87 0.64 0.27 

CRYGP1-A -0.01 -0.01 -0.01 0.00 0.00 0.00 (l. (l() 
-

CRYGP1-B -0.01 -0.01 -0.01 0.00 0.00 n.oo (1.00 

CRYGP1-C -0.82 -0.77 -0.61 -0.45 -0.24 -o. Il -(l.{U 
-

FN61039-H -0.36 -0.27 -0.05 0.11 0.21 0.17 n.os 

FN61039-M -0.08 -0.07 -0.04 -0.02 0.01 0.03 O.OJ 

TNP-1 A -0.06 -0.06 -0.05 -0.04 -0.02 -0.01 o. ()() 

TNP-1 B 2.41 2.38 2.23 2.02 1.55 1.01 0.41 --
TNP-1 C 3.02 2.96 2.72 2.41 1.77 1.11 0.44 

VIL 7 No.6 -0.01 -0.01 -0.00 0.00 0.00 0.00 o.()O 

VIL E-62 -0.01 -0.01 -0.01 -0.01 0.00 (LOO 0.00 

VIL E-84 -0.16 -0.15 -0.12 -0.10 -0.05 -0.02 -U.O 1 
--

VIL pEX2(a) -0.01 -0.01 -0.01 0.00 0.00 0.00 (l.OO 

DESMIN -0.57 -0.53 -0.40 -0.29 -0.14 -~).O6 -0.01 

INHB-A1 -0.36 -0.33 -0.25 -0.17 -0.06 0.00 CJ.(12 

Note. Indicated in bold print are maximum lod scores in favour of linkage hctwl'l'Il the 
marker and the disease trait. Marker loci are Iisted in order proximal to distal along the 
long arm of chromosome 2, in accordance with the RFLP map in section 4.5 . 

= 
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Table 15. Preliminary phenacopy model lad score results with microsatellite markers, 
Canadian family 

Oisease with Lod score at specified recombinatian fraction 

marker 0.0 n.01 0.05 0.1 0.2 0.3 0.4 

CRYGI-A 1.60 1.63 1.66 1.60 1.31 0.88 n.37 
'-

02S157 0.82 0.90 1.08 1.16 1.04 0.74 0.31 

02S128 2.07 2.04 1.88 1.68 1.26 0.81 0.32 

02S137 0.91 0.95 1.05 1.09 0.97 0.69 0.29 

02S104 -0.30 -0.27 -0.17 -0.10 -0.01 0.02 0.03 

02S173 0.35 0.45 0.68 0.81 0.78 0.54 0.20 

02S120 -1.10 -0.91 -0.41 -0.10 0.11 0.09 -0.02 
-

02S126 0.07 0.22 0.56 0.74 0.74 0.52 0.20 

02S102 -0.98 -0.94 -0.79 -0.61 -0.35 -0.17 -0.06 .-
PAX-3 -1.41 -1.23 -0.73 -0.37 -0.04 0.03 -().Ol 

02S172 -0.63 -0.52 -0.22 -0.02 0.13 0.10 0.01 

02S206 -2.27 -2.18 -1.77 -1.33 -0.74 -0.37 -0.12 

02S125 -0.84 -0.84 -0.86 -0.86 -0.71 -0.44 -0.19 
-

02S140 -0.78 -0.75 -0.65 -0.53 -0.34 -0.18 -0.06 

Note. Indic~ted in hold print are maximum lad scores in favour of linkage and minimum 
lad scores that signiticantly exc1ude linkage at the specified recombination fraction. 
Markers are listed in order proximal to distal along the long arm of chromosome 2, in 
accordance with the microsatellite map in section 4.5. 
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uncertainty ditf~red for different families, and the partil'ular familit':-. \\'hu Wl'Il' 

informative for linkage analysis depended on the marker. No changl' in Il':-.ults 1'1\11ll tlll' 

preliminary model was ohseIVeù if the only informative pedigrcl's werl' anH)ng Ilong 

Kong families 1-9 and 11-13, for whom diagnostic certainty (bllth PPV and NPV) \\'.1 ... 

estimated as 100%. 

The addition of diagnostic uncertainty to the preliminary rCCl'ssi\'t' Illodl'l (nu 

phenocopies) for the Colombian and Hong Kong families gcncrally rcslIltl'd in a I\\.;s \lI' 

power to exclude linkage (Table 16; see Table 10 for comparison). Signiflc:tnt l'vllll'nl'l' 

against close linkage was no longer p"JVided hy the VIL pEX2(a) and DESMIN 1ll:\Ikl'IS 

The FN61039-H mark~r locus became essentially non-infolmative with the additiun of 

diagnostic uncertainty. The lad score at 0% recombination with the CRYGP 1-1\. m:1I kt'I 

was modified from -1.01 to a non-significant maximum lod score of 0.30. (,IOM' linkagt' 

with the susceptihility locu!o. was still excluded al 0% recombinatioll fUI TNP-I A. 

VIL E-84, and INHB-Al, to 1% recombination for VIL 7 No.6 and VIL IA)2, :tnd 10 

10% recomhination for TNP-1 C . 

4.3.2 Canadian family 

For the Canadian family, the addition of diagnostic lIncertainty to the pl l'liminal y 

recessive mode! (no phenocopies) had a large effect on the lod scores for linkage hl'lWl'l'll 

the disease trait and the RFLP markers (Table 17; see Table 12 for comp:1I iSIlIl). The 

highest maximum lod scores were still provided by the TNP-1 Band TNP-! C malkels, 

although the scores at 0% recumbination were non-signifieant, at (I,C)<) and (1 K~. 

respectively. The incorporation of diagnostic uncertainty, particularly high lOI Il)(' 11011-

affected diagnosis among adults, thus greatly affected the positive lod seOle ... al thc TNI'-I 

Band C loci, decreasing the scores ta about one-quarter of their prev;(JlI-; value!'>. 

Markers for which lod scores approximately equal to or less than -1 had heclI cOlllputed 

at 0% recombination became less informative, with scores ranging from -O.()7 tu -(UO 

(that is, the scores decreased in value by 75-95%) . 
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Table 16. Lod score results with the diagnostic uncertainty model, 
Colombian and Hong Kong families 

. 
Oisease with Lod score al specified recombinalion fraction 

marker 0.0 0.01 0.05 0.1 0.2 0.3 0.4 

CRYGI-D -0.10 -0.12 -0.12 -0.04 0.06 0.07 0.02 

CRYGPI-A 0.30 0.29 0.26 0.22 0.13 0.07 0.02 

CRYGPI-B 0.36 0.35 0.30 0.25 0.16 0.07 0.02 

CRYGP1-C -0.50 -0.47 -0.39 -0.30 -0.17 -0.07 -0.02 

FN61039-H -001 -0.01 -0.01 0.00 0.00 0.00 0.00 
f-- -

FN61039-M -0.26 -0.23 -0.13 -0.05 0.01 0.02 0.01 

TNP-1 A -2.12 -1.94 -1.43 -1.00 -0.48 -0.19 -0.04 

TNP-1 B 0.03 0.03 0.03 0.02 0.01 0.01 0.00 

TNP-1 C -5.39 -4.64 -3.10 -2.07 -0.98 -0.39 -0.09 

VIL 7 NO.6 -2.94 -2.58 -] .83 -1.28 -0.61 -0.25 -0.06 

VIL E-62 -2.69 -2.41 -1.79 -1.25 -0.55 -0.20 -0.04 

VIL E-84 -2.01 -1.84 -1.37 -0.9& -0.48 -0.19 -0.05 

VIL pEX2(a) -1.55 -1.25 -0.77 -0.50 -0.23 -0.09 -0.02 

DESMIN -0.77 -0.72 -0.55 -0.40 -0.20 -0.08 -0.02 

INHB-Al -2.09 -1.75 -1.13 -0.75 -0.35 -0.14 -0.03 

119 

1 

Note. Lod scores are summed across ail families at each recombinalion fraction. 
Indicatcd in hold print are lod scores which significantly exc1ude linkage at the 
recombination fraction specified. Marker loci are listed in order proximal to distal along 
the long arm of chromosome 2, in accordance with the RFLP map in section 4.5 . 
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Table 17._ Lod score results 'vith the diagnostic uncertainty mode! 
for RFLP markers, Canadian family 

Disease with Lod score at specitïed recombination fraction 

marker 0.0 0.01 0.05 0.1 0.2 0.3 

CRYG1-D 0.06 0.07 0.08 O.Oh 0.06 0.03 

CRYGPl·A 0.00 0.00 0.00 0.00 0.00 0.00 

CRYGPl·B 0.00 0.00 0.00 0.00 0.00 o.no 

CRYGPI-C -0.30 -0.29 -0.24 -0.19 -0.11 -0.05 

FN61039-H -0.09 -0.08 -0.06 -0.04 -0.02 -0.01 

FN61039-M -0.03 -0.03 -0.03 -0.03 -0.02 -0.01 

TNP-1 A 0.00 0.00 0.00 0.00 0.00 n.no 
r--. 

TNP-1 B 0.69 0.67 0.58 0.47 0.27 0.12 

TNP-1 C 0.83 0.80 0.68 0.54 0.30 0.13 

VIL 7 No.6 0.00 0.00 0.00 0.00 0.00 O.()O 

VIL E-62 0.00 0.00 0.00 0.00 0.00 0.00 

VIL E-84 -0.07 -0.07 -0.06 -0.05 -0.03 -CUl! 

VIL pEX2(a) 0.00 0.00 0.00 0.00 0.00 n.oo 
DESMIN -0.17 -0.17 -0.13 -0.10 -0.05 -0.02 

INHB-Al -0.07 -0.07 -0.06 -0.04 -0.02 -0.01 

12(l 

(lA 

0.01 

(l.OO 

0.00 --
-() .02 

-(l,OI 

(l.O() 

().OO 

0.03 

0.00 

0.00 

(),O() 

(),()() 

O,IlI) 

-(J,O) 

(UIO 

Note. Indicated in bold print are maximum lod scores in favour of linkage. Marker loci 
are listed in order proximal to distal along the long arm of chromosome 2, in accordancc 
with the RFLP map in section 4.5 . 
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Sensitivity of Ind score results for linkage between disease and TNP-l C, 
Canadian f'amily 

4.4.1 Penetrance 

Figure X ùisplays the relationship between lad scores for linkage between disease 

and TNP-1 C anù penetrance level, under recessive models with a susceptibility allele 

frequency of 0.2, with and without phenocopies. As penetrance varied from 50-95%, the 

maximum Ind scores under models without phenocopies ranged within less than one lad 

unit, from 2.91 at 0% recombination and 50% penetrance ta the maximum score of 3.46 

at 0% recombination and 75% penetrance, and down to 2.93 at 5% recombination and 

95% penetrance. The empirical significance level of the maximum score of 3.46 was 

estimated using computer simulation with the assistance of Dr. Morgan; the methods and 

results of this procedure are presented in Appendix E. The 62% penetrance level 

specified for the higher risk rlr genotype under the preliminary mode) (no phenocopies) 

had generated a maximum lad score of 3.31 that was about mid-way along the top curve 

of maximum Ind scores in Figure 8 as penetrance increased from 50-75% . 

The Ind score curve for the models with phenocopies is very similar in shape but 

is consistently lower than the curve for the models without phenocopies, so that there is 

slightly decreased evidence for linkage with TNP-l C. The maximum lod scores under 

the phenocopy models also ranged in value within less than one lod unit, from 2.67 at 0% 

recombination anù 50% penetrance to 3.18 at 0% recombination and 75% penetrance, and 

down to 2.6 at 5% recombination and 95% penetrance. 

4.4.2 Susceptibility allele frequency 

Figure 9 displays the maximum lad scores for linkage between disease and TNP-! 

C under the recessive moùels with and without a 50% phenocopy rate, as the 

susceptihility allde frequency was varied from 0.05 ta 0.95. The penetrance of the higher 

risk r/r genotype \Vas set to 62% for aIl analyses. The lod score results under the models 

without phenocopies were quite robust ta the variation of susceptibility allele frequency, 

ranging from a Inù score of 3.34 at 0% recombination when q = 0.05 ta a score of 2.74 

at 0% recombination when q = 0.95. In between the two extremes in allele frequency, 

the cUlVe without phenocopies decreases gradually, but is nearly flat in the susceptihility 
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allele frequency range of 0.05 ta 0.4, which incJudes the allele frequency of 0.2 used fOI 

the preliminary mode\. 

The addition of phenocopies ta the modcls resulted in a lower cUlVe of maximum 

lad scores at ail susceptibility allele frequencies. The phenocopy cUlVe is Vl'Iy similar 

in shape to the upper cUlve for susceptibility allele frequencies of 0.3-0.95. In this range 

of allele frequencies, the maximum lod scores under the phenocopy modl'ls Wl'Il' abOlit 

0.2 less than those under models without phenocopies. The two curves differ the most 

when the susceptibility allele frequency is set to 0.05 and 0.1. For thesc low .. lIele 

frequencies the maximum lod scores under the phenocopy mode1s decrcased to 2.63 and 

2.88, respectively, differing on average by about 0.6 from the semes limier the 

corresponding models without phenocopies. 

4.4.3 Marker allele frequency 

Figure 10 displays the relationship between lod scores for linkage betwccn diseasc 

and TNP-1 C and the frequency of marker allele 1, under the recessive lllmlcls with and 

without phenocopies. The lod scores in both CUlVes were computed with 62% pCllctlillH:C 

for the higher risk r/r genotype and a susceptibility allele frequency of 0.2. As the markl'r 

allele frequency was varied From 0.01 ta 0.99 the maximum Incl scores decreased 

substantially: under the model without phenocopies the loù score ùecreased l'rom 3.4X 

at 0% recombination ta 1.15 at 20% recombination, while under the model with 

phenocopies the score decreaseù from 3.19 at 0% recombi nation to 1.25 al 10% 

recombination. However, within a wiùe range of marker allele 1 fr~quencics, t'rom 0.01 

to 0.5, ail maximum lod scores under the model without phenocopies were grealer Ihan 

3. For the same region, maximum loù scores under the model with phellocopies were 

consistently lower by about 0.3. Maximum lod scores of 3 and greater were maintained 

under the phenocopies model for marker allele 1 frequencies of approximalcly 0.4 and 

less. 

The two curves in Figure 10 are very similar in shape. The phenocopy clIrve has 

less of a downward inflection at a marker allele 1 frequency of 0.8 so that the maximum 

lad scores for allele 1 frequencies larger than 0.8 are grealer than those calclllalcù under 

the models without phenocopies, by an average of 0.15. The frequency of marker allde 1 

-
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that was used in the preliminary model analysis was 0.33, which providcd a maximum 

lod score in a region where the score is decreasing slightly as alle1e 1 frequl'nl'y inclcast's. 

4.4.4 Consanguinity 

Severa! marriage and consanguinity !oops were indicated in the Canadian pcdigll'l' 

(the looped pedigree is displayed in Appendix 84). With respect to the mali iagc loops, 

two siblings and two ha!f-siblings entered the pedigree by marriage to on:"pting of thl' 

great-grandparents. Another in-marrying individual was the nephew/niecc nI' two siblings 

that entered the pedigree. One pair of siblings entered the pedigree by m:lll1age ln an 

offspring of the great-grandparents and his/her nephew/niece. In tenus of l'onsanguinily 

between marriage partners, there were two second cousin marri ages. 

Figure Il presents the lod scores for linkage hetween disease and TNP-l C \Vith 

the non-Iooped and the looped pedigree, under the recessive preliminary modl'l with and 

without phenocopies. Under the no phenocopies model (62% penetrance for Ihe rlr 

genotype and a susceptibility allele frequency of 0.2) the maximum Il)Ù score dCl'fl'ased 

from 3.31 at 0% recomhination with the non-Iooped pedigree to 3.14 at 0% rel'(llllhinatillil 

when the looped pedigree was analyzed. A., the recomhinalion fraction increasl'd, the 

difference in the lod scores achieved with the two pedigrees decreased so that Olll'l' the 

recombination fraction reached 0.1, there was essentially no difference hetwccn Ihe Iwo 

curves. 

With the addition of a 50% phenocopy rate in the population, both the Ilon-Iooped 

and the looped pedigree provided maximum lod scores of 3.02 at 0% recomhination. The 

curves under the phenocopy models were essentially the same with the two pedigrees; the 

greatest difference in lod score occurred at recombination fractions of 0.05-0.2 for which 

scores with the non-Iooped pedigree were, on average, about 0.17 less than those with the 

looped pedigree. 
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4.5 Composite marker maps of the chromosome 2<) region 

Figure 12 presents sex-averaged5 linkage maps fnr the (A) RFLP and 

(B) microsatellite markers in the chromosome 2q33-qter region, inc1uding many of the 

markers analyzed in this study. The RFLP map generatet! recently hy Shaw ct al. (1993) 

is the most detailed map available for genes encoding products of known function in this 

region. The gene order ann genetic distances were calculatcd from pailwisl' linkage 

analysis of the markers in 35 multiplex families with leprosy, tuherculosis, 01 visct'ral 

leishmaniasis from Pakistan and Brazil (n = 310 persons); recomhination frl'qucnl'Îl's \Vere 

converted to genetic distances with the Kosambi mapping function. PaiIwisl' Inti SCOll'S 

greater th an 3 were ealculated between adjacent loci in the proximal rcgion of tlll' map 

(CRYG, FN-l, TNP-l, VIL, and DES). Statistical support for the overall gl'n~ ortlci 

presented is weak, but is consistent with the order found on mouse chromosome t (Malo 

et al., 1993). 

In this thesis, resuIts from pairwise linkage analysis of the RFLP mal kl'rs, cal rit'd 

out with the four Colombian families, 12 Hong Kong families, and the single Canadian 

family, did not allow a confirmation of the order generated by Shaw et al. (1993) because 

of a laek of recombination observed hetween FN-lffNP-l, TNP-1NIL, VIL/DES, and 

DESNIL loci (data not shown). The only informative result was a recomhination fradion 

ofO.OS between the CRYG and FN-lloci (a genetic distance of 5 cM, using the Kosambi 

mapping function; see notes ta Table 18 for the formula). 

The second map (B) in Figure 12 displays the order and genetic distance hctwCl·n 

microsatellitè markers on the basis of two published genome mapping studies and 

information provided by the Cooperative Human Linkage Center (CHLC, 19(1). The 

location of the CRYG locus is presented on this map to serve as a Iink hetwcen maps A 

and B; otherwise, there is \iule overlap in the maps of these two types of mm kcr loci. 

Map B was generated with linkage analysis in fami\ies in the Centre d'Etudes du 

s-rhe recomhination frequeney hetween loci can differ depending on the gendcr of the 
informative parent(s) (Ott, 1991); the total length of the female autosomal gcnctic map 
is greater than the male map. If potential gender differences are not consiùeleù in linkage 
analysis a sex-averaged recombination fraction is estimated, rather th an gcnder-specitic 
fractions. 
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Polymorphisme Humain (CEPH) reference panel. The ordel of tht'st' 111:11 h'rs w il h Il'slwcl 

to known genes was not published, so that maps A and B could not hl' i ntl'gl all'd l'Will 

independent publications. 

Tables 18 and 19 present pairwise, sex-averaged linkage analysis It'sults of 

microsatellite markers and RFLP versus microsatellite markers, Il'spcctiVl'ly, analyzl'd 

with the Canadian pedigree. Table 18 displays signiticant resulls \Vith maximulll loll 

scores> 3 for adjacent markers (except for 02S172 with 02S125, which had li glcakl 

score than that between 02S206 and 02S125), in accordancc with the ordl'I Pll'sl'ntcd in 

map B of Figure 12. The results were informative for thc ordelÎng of sOllle gloups of 

markers in the haplatype analysis of the pedigree, which assumed the minimum n\lmbel 

of cross-avers between loci. The microsatellitc results are fairly consisknt with thosc 

obtained in the CEPH families (Figure 12), with the 11108t notable exceptions heing tIlt' 

pairwise analysis of CRYG lA/D2S 1 57 and 02S1731D2S120 in the Canadian IWlligll'l', 

which estimated much smaller and larger genetic distances than the puhlislll'd source, 

respectivel y . 

Of the significant lod scores (> 3) calculated betwccn RFLP and miclOsatcllite 

markers in the Canadian family, the most informative results are presented in Tahle 19. 

On the basis of the pairwise linkage results found in this study, haplotype construction 

with microsatellite marker data in the Canadian pedigree, the order of loli on 1111 !lIse 

chromosome 1 (Malo et al., 1993), and the human maps prcsentcd i Il Figui e 12, a 

tentative order of the marker loci used in this study was proposed, listed as f<l\lOWS 

proximal ta distal along chromosome 2q: 

CRYG-FN-I-D2S157-TNP-1-D2S128-02S137-D2S104-D2S173-VIL-DES-INIIBA 1 

-02S120-D2S 126-02S l02-PAX-3-D2S172-02S206-D2S 125--02S 140 

Late in the progress of this thesis, a human homologuc of a candidate /1l()lI~e genc 

for Bcg, Nramp, was isolated (Gros, Cellier et al., unpublished observations). At the lime 

ofwriting, sequencing of the human gene (NRAMP) and identitication of DNA sequef1œ 

variants had resulted in six markers which were informative for linkage analysis uf the 

Canadian pedigree. Although the results of linkage analysis with these markers arc not 
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Notes. 

Tahlc IH. Pairwisc linkage analysis results for microsatellite markers, 
Canadian family 

Markers Maximum Recombi nation 
lod score fraction (genetic 

distance in cM*) 

CRYG1A and 02S157 12.51 0.0 

02S157 and 02S128 6.85 0.055 (5.5) 

02S128 and 02S137 7.15 0.0 

02S137 and 02S104 5.04 0.039 (3.9) 
-' 

02S104 and 02S173 4.36 0.0 -
02S173 and 02S120 3.76 0.141 (14.5) 

r--' 

02S120 and 02S126 8.85 0.043 (4.3) 

02S126 and 02S102 6.94 0.0 

02S102 and PAX-3 8.49 0.0 

PAX-3 and 02S172 6.45 0.073 (7.4) --
02S 172 and 02S206 8.93 0.041 (4.1) -
02S172 and 02S125 2.01 0.227 (24.5) 

D2S125 and 02S140 6.62 0.0 

131 

*Genetic distance (x) in cM was calculated from the maximum likelihood estimate of the 
recombination fraction (8) between pairs of loci using the Kosambi mapping function, 
(Ott, 19(1): 

x = 100 x 1f.t ln 1 + 29 
1 - 2e 
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Notes. 

Table 19. PaiIWise linkage analysis resuIts fOl RFLP Vl'ISlIS 

microsatellite 111 arke rs, Car.aùian family 

Markers Maximum RCClll1lbi natil ll1 

loù score fraction (gl'I\I.'tir 
distance in cM *) 

FN61039-H and CRYG1A 7.04 0.025 (2 5) 

FN61039-H anù 02S157 6.67 0.031 (3 1) 

== 

-

--
TNP-1 Band CRYGIA 5.33 Cl.O 

TNP-1 C and D2S157 4.19 (J.047 (4.7) 

TNP-l C and 02S128 5.82 n.o 

TNP-1 C and D2S137 5.17 0.0 

INHBA1 and D2S173 3.07 0.09 (9.1 ) 

*Recombination fraction convertt:.d to genetic distance with the Kosamhi llIapplng 
function (see notes to Table 18 for formula) 

included in this thesis, haplotypes were constructed with the marker data tn infl'I thl' 

location of the NRAMP gene and closely-Iinked markers on the chromosoml' 2q IIWI kt· 1 

map above. The VIL, DES, and INHB loci were placed in the intervd bl'lwl't'II D2S 17 ~ 

and 02S120 on the basis of ongoing physical mapping with markers of NR!\MP, whll'h 

VIL and DES are expected to tlank, in yeast artificial chromosome (YAC) dOlle,> (1.111, 

unpublished observations). The results of the haplotype analysis in the Canadiall pedigrel' 

were consistent with NRAMP Iocalization between 02S173 anù D2S120. 

4.6 ùjd scores for linkage between disease and markc.'s Ululc.' the 
epidemiological model, Canadian family 

The lod score results for linkage hetween disease and the RFLP or micl{)saldlilt' 

markers under the comprehensive epidemiological modcl (four liahility das:-,\::-" C/ = 0.1) 

are presented in Tables 20a anù 20h. Non-informative analyses, for whu.:h lod :-'CII!l·!-. al 

all recombination fractions were essentially equal tn zero, are not ùi~playcd :11 thl'<;c 

tables. With the non-looped pedigree, evidence in favour of close linkage was obtallll'd 
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Table 20a. Lod score results under the comprehensive epidemiological model 
(four Iiability classes), Canadian family 

Non-looped pedigree Looped pedigree 

133 

Marker Z max (theta) Z min (theta) Z max (theta) Z min (theta) 

CRYGI-A 1.11 (0.15) * 1.29 (0.1) * .-
CRYGI-D 0.98 (0.15) * 1.25 (0.1) * 
CRYGPI-C * -0.39 (0) * -0.44 (0) 

FN61039-H 0.34 (0.2) -0.18 (0) 0.31 (0.2) -0.31 (0) 

FN61039-M * -0.11 (0) * -0.20 (0) 

D2S157 0.88 (0.15) * n.d. n.d. 

TNP-1 B 1.94 (0) * 1.80 (0.01) * 
TNP-1 C 2.43 (0) * 2.33 (0) * 
TNP hnplotype 2.32 (0) * n.d. n.d. 

D2S128 1.58 (0) * n.d. n.d. 

02S137 0.76 (0.15) * n.d. n.d. 

D2S104 * -0.55 (0) 0.02 (0.35) -0.32 (0) 

D2S173 0.36 (0.2) -0.16 (0) n.d. n.d. 
! 

Notes. 
* The relevant lod score was 0 at a recombination fraction of 0.5. 
n.d. Analysis not done 
nIa Not applicélhle 

Lod score results are presented by marker in the tentative order suggested in section 4.5 
proximal to distal along chromosome 2q. Markers of the same locus are displayed in 
alphabetical orùer. Results for non-informative markers with the non-Iooped pedigree are 
not shown . 
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Table 20b. Lod score results under the comprehensive epideminlogil'al ll111ùt'l 
(four Iiability classes), Canadian family (continul'd) 

Non-Iooped pedigree Looped pedigree 

Marker Z max (theta) Z min (theta) Z max (theta) Z min (11\l'la) 

OESMIN * -0.31 (0) * -0.40 (0) 

INHB-Al * -0.84 (0) * -0.74 CO) 

02S120 0.35 (0.2) -0.05 (0) n.d. n.d. 

02S126 1.14 (0.05) * n.d. lU\. 

02S102 * -0.74 (0) * ·O.HH (0) 

PAX-3 0.13 (0.25) -0.48 (0) n.d. n.d. 

02S172 * -0.75 (0) Il.d. n.d. 

02S206 * -1.64 (0) n.d. n.d. 

02S125 * -1.29 (0) n.d. lUI. 

02S140 * -1.12 (0) * -1.33 (0) 

Notes. 
* The relevant lod score was 0 at a recombination fraction of 0.5. 
n.d. Analysis not done 
nIa Not applicable 

Lod score results are presented by marker in the tentative order suggestcd in St!ctÎOIl 4.5 
proximal to distal along chromosome 24. Markers al the same locus art! displaycd in 
alphabeticalorder. Results for non-informative markers with the non-Ioopcd pedigree arc 
not shown . 
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with the TNP-l C marker and the TNP-l haplotype (composed of the TNP-l A, B, and 

C markers), with odds for linkage at 0% recombination of approximately 210:1 (10232
) 

and 270:1 (1024
\ respectively. The microsatellite markers which provided the most 

support for linkage were CRYGI-A, D2S128, and D2S126, with respective lad scores of 

1.11 at 15% recomhination, 1.58 at 0% recombination, and 1.14 at 5% recombination. 

Linkage analysis of disease and other markers computed weakly positive maximum lod 

scores (range, O.13-0.9H) for CRYGI-D, FN61039-H, D2S157, D2S137, D2S173, 

D2S120, PAX-3, and D2S206. The rest of the markers provided weak evidence against 

linkage with minimum lod scores at 0% recombination ranging from -0.11 to -1.64. The 

chromosomal reglon which was the most support ive for linkage, then, was doser to the 

TNP-l locus than to the DES and INHB loci. 

With the looped pedigree, the lod scores for the markers analyzed showed minimal 

change when compared to the results with the non-Iooped pedigree. In general, slightly 

more evidence was provided against linkage for markers with negative lod scores at 0% 

recombination, with the exception of D2S104 and INHB-A1. For the markers with 

strongly positive lod scores in favour of linkage in the non-looped pedigree, the maximum 

lod scores increased slightly for CRYGI-A and CRYG1-D and decreased marginally for 

TNPQ 1 Band C. This indicated that the additional phase information, although minor, 

provided further support for linkage of disease and the CRYG locus and was less 

support ive of li nkage to the TNP-l locus. 

SECTION 5: DISCUSSION 

5.1 Colombian and Hong Kong Families 

When the lod scores for linkage between markers and disease in the four 

Colombian and 12 Hong Kong families were summed, the results under the preliminary 

model (no phenocopies) suggested that a tuberculosis susceptibility gene is not located 

in the close proximity of the TNP-l, ViL, DES, or INHB loci. These loci define the 

region in which a homologous human "BCG" gene "11ight be expected to be located on 

the basis of the experimental mouse Bcg model. Thus, when the affected phenotype 

corresponded to at \cast one diagnosis of tuberculosis in family members from regions of 
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endemic tuberculosis experience, there was evidence against linkage of the trait tll 

chromosome 2q, under the simple Mendelian models considered (recessive single gent'; 

q = 0.2; marker allele frequencies estimated in Caucasian pl)pulations; penetr:mce of the 

higher risk r/r genotype 62% or 76%; with or without a 50% phenocopy rate in !he 

population). The higher penetrance level (76%), based on monozygous twin tuherrulosis 

concordance adjusted for ascertainmcnt of diseased index twins in the Kallmann and 

Reisner (1943) study (Appendix C), increased the evidencc against linkage to markers on 

chromosome 2q. 

Linkage analysis of the Colombian and Hong Kong pedigrees \:as also carried out 

with the addition of diagnostic uncertainty (as indicated hy the international collaboratnn.) 

to the preliminary, no phenocopy model (62% penetrance for the r/r genotype) in order 

to evaluate the linkage information more conservatively. Some miscIassification of 

phenotype may have occurred because of a lack of microbiologie confirmation of discase 

(Appendix B5). Linkage to the disease phenotype was significantly excIudt:d to within 

10% recombination ofTNP-1 C and 1% recombination oftwo of the VIL markers, which 

were expected to be the closest to the putative "BCG" susceptibility gene on the hasis of 

human-mouse homology. 

The genettc models of tuberculosis susceptibility used in the linkage analysis of 

the international families may not be correct; linkage to the chromosome 2q reginn may 

exist for a different trait, that is, for a different definition of susceptibility. The afftcted 

phenotype of at least one tuberculosis diagnosis may not have been appropriatt hcciluse 

many other factors, besides a susceptibility gene, may have contrihuted lo the outcome 

of exposure to M. tuberculosis, such as intensity of infection, nutritional status, 

concomitant disease, age, and vaccination or chemoprophylactic status. As a rcsult of 

these other factors, many of the affected individuals in the Colombian and Hong Kong 

families may represent non-genetic cases and may he interprcted as recombination under 

models with no allowance for phenocopies. With the preliminary phenocopy modcl, lod 

scores became less negative but did not reach substantiai positive values, and linkage to 

markers of the TNP-1 and VIL loci was still excIuded. Thcse results indicatc that the 

evidence against linkage was not solely due to the occurrence of non-gtnetic cases. On 
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tht' other hand, the risk of disease for sorne family members may have been reduced 

significantly, if BCG vaccination has protected individuals from disease progression 

regardless of genetic susceptibility at the putative chromosome 2q locus. Il is reasonable, 

therefore, for more negative lad scores to be calcu\ated under a model with higher 

penetrance (76%). 

A major difficulty in analyzing tuberculosis families, then, is ta characterize 

separately the early control of mycobacterial proliferation hy macrophage function, 

thought ta be regulated by a human chromosome 2q gene which is homologous to Bcg, 

from other, later determinants of the host immune response to M. tubercu/osis infection. 

In particular, cell-mediated immunity and delayed-type hypersensitivity, which follow the 

early respom.e and are likely affected by BCG vaccination and prior exposure, may have 

a more significant mie in determining the outcome of infection in a population with 

endemic tuberculosis experience. Alternatively, the effect of the putative "BCG" gene 

may still be important, but is harder to detect in the presence of other factors in the 

international families: those cases that resulted from susceptibility at the chromosome 2q 

locus may represent only a small proportion of ail affected individuals. 

A different measure of susceptibility in su ch families may allow detection of the 

macrophage response to M. tuhercu/oslS infection. For example, an immunological 

quantification of the early response, rather than the disease/non-disease outcome, might 

he more powerful for detection of linkage to the chromosome 2q region. In this way, a 

biological assay of suhoptimal macrophage activity or extensive bacillary growth could 

he used tn indicate a susceptible phenotype, or measures of su ch factors could be used 

as quantitative traits. Such assays, more similar ta those in the mouse Bcg mode l, may 

be less Iikely to be affected by other host characteristics such as vaccination status. A 

difficulty with this approach would be to control for variation in intensity of infection and 

to make measurements at the appropriate time after exposure in order to reflect the initial 

response tn mycobacteria. 

In addition to the use of an assay measure, the lad score analysis of families 

similar to the international pedigrees may require the development of a more accu rate 

model in order to detect linkage, assuming that the assumption of a single, major 
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susceptibility gene can be made. A more appropriate scheme wOllld Iikely invnlve tht' 

modelling of penetrance ta take into accollnt the operation of non-genetic factors more 

precisely. For instance, the interval hetween exposure and disease could he takt:1l into 

account using Iiability classes. In general, there is a 5% risk of ùisease in the tirst twu 

years following infection and a 10% lifetime risk (Styblo, 19H9). ather risk factors 

include age at exposure, vaccination and chemoprophylactic status, as weil as concomitant 

disease. Without (1) extensive information on dates of preventive procedures ami 

personal histories su ch as HIV status and (2) quantification of the comhined effects of 

these factors on disease risk, it is unlikely that any arbitrary mode! will accuratcly renect 

the relative contributions of genetics and other host and environmental factors to the risk 

of tuberculosis. 

The mouse Bcg locus on chromosome 1 regulates macrophage function and the 

early phase of resistance/suscepubility ta various mycohacterial infections, inc1uding 

M. bovis and M. leprae. Exclusion of linkage hetween human susceptihility to Icprosy 

and RFLP markers in the chromosome 2q33-q37 reginn has recently hecn reportcd in a 

study of 17 multiplex families From regions with high leprosy prevalcnce, inclllding 

Pakistan (10 famifies) anù Brazil (seven families) (Shaw et al., 1993). Under a rcccssivc 

model for susceptibility to leprosy per se, with a susceptihility allde frequency of O. t, 

marker allele frequencies estimated in the study families, no phenocopies, and 100% 

penetrance for the rlr genotype, linkage with disease was significantly excludcù with the 

lad score method ta 10-20 cM of the CRYGPl, TNP-l, VIL, and DES loci and ln 

5-10 cM of the FN-llocus. Significant eviùen .. c against linkage ln the TNP-1, VIL, and 

DES loci was also oblained under recessive models of incomplete penetrance (RO% anù 

60%) and hy using the affected pedigree memher method of linkage analysis. The 

negative lad score results were due to seve raI familics for each locus: five familics in the 

case of TNP-l, seven for VIL, and 10 families for DES. Close linkage to these loci wa!> 

also excluded for the following mode\s with the lod score method: dominant 

susceptibility to leprosy per se (TNP-I), and dominant or recessive susceptibilily to the 

tubercllioid form of leprosy (TNP-I and TNP-l, VIL, and DES, respectivcly), 
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Shaw et al. (1993) suggest that the evidence against linkage in their study is 

c<msistent with the fact that the affected phenotypes considered were based on cutaneous 

manifestations of leprosy, and such manifestations are not influenced by genotype at the 

Bcg loeus in mouse studies. Therefore, even the phenotype of "Ieprosy per se" may 

represent a specifie type of disease, which is not expected to be linked to the "BCG" 

susceptibility locus, as suggested by human association and segregation studies 

(Bothamlcy et aL, 19H9; Ahel and Demenais, 1988). It was stated by Shaw et al. (1993) 

that more variable lod scores have been generated in multiplex tuberculosis families in 

ongoing research, and a proportion of these families may provide evidence for linkage to 

chromosome 2'1; however, no specifie results were given in this paper. 1 would speculate 

at this point that the general phenotype of tuberculous "disease" versus "no disease", 

defined by traditional c1inical tests, is not an appropriate phenotype for linkage analysis 

of families l'rom endemic regions. Because of the Iikely modification of the "BCG" effect 

by host eell-mediated immunity, age, and vaccination, treatment, and exposure history, 

positive results in such families may be chance findings or may only be observed 

infrequently, when the levels of these other factors have less variation and/or less effect 

in a particular pedigree. 

The results with the Hong Kong and Colombian farnilies are based on a maximum 

of six and 10 informative families per marker analyzed, under models with and without 

phenoeopies, respectively. For sorne markers, neither parent in a particular family was 

inferred to be doubly heterozygous for the trait and the marker. The lack of 

informativeness relnted in part to the type of family ascertained: because one parent was 

most often affected, he/she was hornozygous for the susceptibility allele under a recessive 

mnd!!l with no phenocopies. The results thus apply to a small number of families of 

particular structure, and may not be relevant to other families in the same or other 

populations. A greater number of families and a greater variety of family types 

(structurally as weil as racially) should be collected to replicate the negmive findings of 

the Colomhian and Hong Kong families in this study. 

The HOMOG programs carry out statistical tests for the presence of genetic 

heterogendty in a group of families analyzed for linkage (Ott, 1991). The programs are 
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intended for this purpose when the same disease phenotype is analyzed in ail the familil's. 

There were essentially two groups of families in this study, with disparate tuhen:ulosis 

experience and possihly disease outcomes of a diffcrent nature: in the Canadian family, 

primary disease developed afler a short period of time, whcrcas the exposurt'-disease 

intelVals for the international cases (many of which may rl'present reinft'ction or 

reactivation disease) are indetelminate. For the se rcasons, a statistical test of genctic 

heterogeneity was not carried out on the linkage analysis results. The large differences 

in the lod scores provided at the same loci, under the prcliminary models, hy the 

international families versus the Canadian family may renect the dift't!rent nature of the 

tuberculosis experience (including exposure and vaccination status) in the Iwo groups. 

It is possible that a second, single, non-"BCG" gene is linked to disease susceplihilily in 

the Colombian and Hong Kong families. More realistically, however, there may hc il 

number of major genes contributing to the disease outcome in these pedigrees. 

5.2 Canadian family 

Under the preIiminary models (with or without phenocopies), significant evidcncc 

for linkage with disease--with a lod score greater than tht: tradition'll critical value of 3-­

was obtained with the TNP-l C marker at a recombination frequency of 0%, suggcsting 

that a susceptibility gene might exist in the vicinity of the TNP-l locus. The approximalc 

95% confidence interval for the recombination frequency, under the preliminary modcl 

(no phenocopies) and based on 1-101..1 unit support (Ott, 1991), was 0-15% or 0-15.5 cM 

from the TNP-l locus, using the Kosamhi mapping function. Several marker~ close lo 

TNP-l C also provided positive lod scores of about 2 under the preliminary mndel (with 

and without phenocopies), including TNP-l B, 02S 128, and CRYG l-A. Evidence against 

linkage of disease and the VIL E-84 marker suggested that the susceptihility gene WIL<; 

Iocated doser to the TNP-l locus than to the VI L locus. 

The linkage results in the Canadian family were, not surprisingly, greatly aftècted 

by substantial uncertainty of the c1inical diagnosis. When estimates of the po~itive and 

negative predictive values of the diagnoses were considered, the latter particularly low for 

28% of the pedigree members (Le., the non-cases over 13 years), the lod score for linkage 

between disease and TNP-l C was markedly decreased from 3.31 to O.H3, at 



• 

• 

• 

141 

recombination fractions of 0%. On the other h<1nd, the examination of the relationships 

of penetrance, susceptibility allele frequency, and marker allele frequency with the lod 

score results for disease and TNP-1 C revealed that the scores were quite robust to 

alteration of the values of these parameters within a reasonable range. These 

observations, however, were made by modifying the value of one parameter at a time and 

do not address the simultaneous effect of alterations in more than one parameter value. 

The additIOn of consanguinity and marriage loops to the pedigree modified the lad score 

results only slightly, bec au se most of the more distant relatives in the loops had unknown 

c1inical status and unknown marker typing. With the loops, the evidence for linkage of 

disease and TN P-l C decreased margina)) y under the preliminary model (wi th and without 

phenocopies) and under the comprehensive epidemiological model (four Iiability classes). 

The use of microsatellite marker allele frequencies estimated in the pedigree founders was 

not the most appropriate when the looped pedigree was analyzed; however, this procedure 

likely did not significantly bias the results because the relative order of the alleles by 

frequency would not be expected to greatly change. 

The single Iiahility c1ass, preliminary models (with and without phenocopies) and 

the diagnostic uncertainty model made the assumption that ail members of the Canadian 

linkage analysis pedigree were infected during the epidemic or hefore, and thus had the 

opportunity to express disease. \Vhen analyzed under the most comprehensive 

epidemiological model that included phenocopies and four liability classes (with 

allowance for absence of exposure), the maximum lod scores with disease were 2.43 for 

TNP-l C and 2.32 for the TNP-l haplotype, both at 0% recombination. These may be 

more "realisticlt results, given the conditions of protection and Iiability provided by the 

exposure variation and young age in the pedigree. Information arising from the infant 

cases in the family was greatly de-weighted under this mode!. The model, then, did not 

make the assumption that aIl non-cases had been infected during the 1987-1989 epidemic 

but rather incorporated c1inical information ab<'.1Jt PPD-negative skin tests, as weIl as 

previous mycohacterial exposure and known BCG vaccination. 

The linkage analysis in this study was targe~ed at a candidate chromosomal region, 

based on the mouse Bcg model and evolutionary homology (that is, the demonstration of 
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conselVed homology between a region on mouse chromosome 1 and human chromosomt' 

2q). If the critical value for a significant lod score is relaxed because a candidate genctic 

region with higher prior odds for linkage was used (Wijsman, 1990), then the lod scores 

provided under the comprehensive epidemiological model in the Canadian pedigree arc 

Iikely statistically significant. Recalling that the posterior odds for linkage or the 

significance level of a result (1 - type 1 error) is equal to the prior odos for linkage 

multiplied by the odds provided by the data, the lod score of 2.32 for the TNP-! 

haplotype (10232 odds for linkage) has a posterior odds of 20:1, a 95% signiticance level, 

and a 5% type 1 error, if the prior odds for linkage ta the region are equal 10 about 0.1, 

or 5 times the prior odds for a randomly chosen locus (which is about 0.02; see section 

1.3.9). 

The positive results in the Canadian family were o'Jtained for the phenotype of 

primary tuberculosis following heavy exposure to M. luberculosis. Most members of the 

family were exposed to tuberculosis for the first time during an epidemic, and developed 

disease within a short time. Three individuals were assigned the status of "affccted" 

because of a diagnosis of primary tuberculosis prior to the 1987-1989 outhreak, at a time 

when the disease was very prevalent in the community and exposure to infection may 

have been intense (Mah and Fanning, 1991). For a host infected with mycobacteria, the 

early immune response, which may determine the extent of the bacterial load that œll­

mediated immunity must manage, could be crucial: if deficient, dclayed-type 

hypersensitivity may be detrimental in the presence of high levels of antigen, Icading tn 

tissue destruction and a greater risk of disease progression (Danncnbcrg, 1989). The carly 

immune response may be most important when exposure to M. tuherculosis is intense and 

the host does not have pre-existing protective immunity against mycohaeteria. 

The outbreak situation and the diagnoses of primary disease in the Canadian 

family may have allowed the indepéndent charaeterization of the effeets of the carly 

immune phase from the later cell-mediated stages of the host response to infection. Il has 

been possible, therefore, to use an experimental model developed in the mouse to form, 

address, and support a hypothesis for the human rcsponse to mycobaeterial infection, 

using homology mapping between the murine and human gcnome. This method of 
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research will be supported even further if evidence is found for linkage of tuberculosis 

susceptihility and a human candidate "BCG" gene. At that point, researchers may be able 

to gain more insight into the mechanism by which the early immune response can control 

mycobacterial growth and, conversely, the role of host genotype and immune function in 

permitting chronic infection by M. lubel'culosis (Marrack and Kappler, 1994). 

The lod score resuIts with the Canadian family were obtained in a pedigree that 

contained a subset of the family members, because nine persons were not enrolled in the 

previous linkage analysis and diagnostic study for which the family was selected. In 

addition, DNA was not available for several members in this study. In a large pedigree, 

lod score results can be particularly sensitive to changes in information (e.g., from 

unknown to known marker typing) (Greenherg, 1992). Despite the robustness of the lad 

scores in this study with respect to variation in values of penetrance and allele 

frequencies, marker typing was missing for a few family members who were critical 

persons in the linkage analysis, based on their clinical status and positions in the pedigree. 

The results, therefore, could be modified in either a positive or negative direction if these 

key individuals were typed. 

The positive findings ofthis study are at best generalizable to Aboriginal Canadian 

populations of similar ethnicity and with a similar history of contact with tuberculosis as 

the Canadian study family. Of course, the type 1 error possibility exists. Confirmation 

of the resuIts in other, independently ascertained families will be important ta assess the 

validity and applicahility of the findings. A starting point for collection and linkage 

analysis of additional families could be other communities with experience of a 

tuberculosis outbreak. Because of the nature of many public health investigations during 

and following an olltbreak, there may be greater opportunity, in a study of epidemic 

experience, to assess lime of infection, exposure intensity during the outbreak, latency of 

disease development, and possibly statlls (vaccination, chemoprophylactic, and general 

heaIth), age, and cxposure history prior to the outbreak. Genetic stlldy of such experience 

is Iikely fadlitated hy many of the factors which may have contributed to the occurrence 

of the outhreak in the ficst place, particlllarly lack of previous exposure or BCG 

vaccination . 
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5.3 Linkage analysis of tuberculosis 

This thesis contained a combination of epidemiological and genetic data and 

utilized genetical statistical methods to address the research question. WI1l'n the study 

families were categorized into two groups on the basis of the nature of theiI tuherculnsis 

experience, both negative and positive evidence with respect to linkage betwcl'n disl'ase 

and chromosome 2q markers was obtained. The results of this study should he interpll'lt'd 

with the specifie materials and genetic models used in mind. The linkage analysis \Vas 

complicated by the lack of knowledge about a genetic modcl for inhelÎtancc of 

tuberculosis susceptibility in humans and the role of other non-genctic fact(lIs in disease 

risk. In addition, the genetic models used in the study made the assumption of il single 

gene effect, although tuberculous disease susceptihility may be inhcrited in a more 

complex manner, perhaps involving several interacting genes. 

Past studies of linkage analysis have demonstrated that the misspccilkation of the 

required parameter values, particularly mode of inheritance, can dccreasc the power ln 

detect true linkage (Risch et al., 1989). It was shown by Ott (1992) lhat the lise of 

inaccurate marker allele frequencies can lead to false positive rcsults when families \Vith 

incompletely typed parents are analyzed. Results from a reccnt workshnp (Gcnctic 

Analysis Workshop 8, 1992), in which various linkage analysis methods wCle lIsed tn 

study Alzheimer's disease, indicate that false positive evidence for linkage can arise whcn 

the value of one or seve raI parameters, at the disease or marker locus, is unknown and 

misspecified (Wijsman, 1993). The significant lad scores in the Canadian pedigree, if 

indeed false, may be the result of a combined parameter misspecitïcation cffecl, sincc the 

scores were fairly robust to alteration of one parameter at a time. 

Clearly, an appropriate gfnetic model of susceptihility is crucial for valid linkage 

analysis of a complex disease with the 10d score method. If incorrect mndels are lIscd, 

false negative or false positive lod score results can arise. The estimation of the 

significance level of an observed positive lad score (maximized-over-mmlcls) with 

computer simulation in unlinked pedigrees, as carried out in this thcsis (Appendix E), will 

by no means guarantee a valid evaluation of the finding if the modcls are incorrcctly 

specified. A significant p-value may be obtained for a faise positive result if lod scores 
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tenu tn he underestimateu under most of the models considered, due ta parameter 

misspcci fication. 

Linkage analysis of tuherculosis and the study of genetic susceptihility ta the 

discase in gcneral could benefit from segregation analysis, which was not available for 

this study. Segregation analysis may he able ta inuicate whether there is evidence for a 

rnHjor gene contrihuting to disease risk, and may hp.lp establish a genetic model for 

inlH'ritance of susccptibility. In a similar manner ta the segregation analysis of leprosy 

in Dcsirade Island hy Abel and Demenais (1988), the study population could be one in 

which tuherculosis has been diagnosed for a number of family members and the study 

pmticipants arc known or can be assumed to have been infected with M. llIbercu[osÎs. 

The Iikelihooù of the data under various models (such as random environmental, 

muItifactorial with a transmissible compone nt, Mendelian single gene, or a mixed model 

incorporating ail t1lfee effects) can be compared ta determine which models are rejected 

on statistical grounds. If, for instance, evidence is found for Cl particular major gene 

mlldcl, linkage analysis with the lod score, single-locus method can then he carried out 

using parameter estimates from the segregation study. The parametric analysis of linkage 

could thus incorporate a more secure model of inherited susceptibility. 

To confirm or refute the findings of this study, it woulu :lIso be useful ta eolleet 

numerous families for non-parametric linkage analysis, su ch as small families with 

affected sih-pairs. A method of analysis which may indicate whether a particular marker 

locus is a linked determinant of disease has been developed by Risch (1 (87). He 

demonstrates that for a single disease or susceptibility locus closely Iinked to a marker 

locus, the posterior probability that two relatives share zero marker alleles identical by 

Jescent, given that hoth are affected with the disease, is equal to the prior probability that 

the pair share no alldes identical by descent, divided by the increased disease risk for the 

relatives over population disease prevalence. This relationship holds for any mode of 

inhcritance, and any numher, frequency, population prevalence, and penetrance of alleles 

at the disease locus. The prior prohabilities of zero allele sharing by full siblings is, for 

exampk, 0.25. Given an estimate of the increased risk of disease for two relatives from, 

for example, the Kallmann and Reisner (1943) twin family study (keeping in mind th~ 
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possible biases in this kind of study), the expected proportion of affcL'll'd Idatives sh:\1 ing 

zero alleles at a particular marker Céln be calculated. \Vith markcl data on alTt'rlel! pails 

(and information on parents), one can determine whether the ohsclvcd shaIing nI' 7i.'Ill 

alleles identical by descent is Iikely, given the expectcd propllliion li Illk 1 11ll' single. 

Iinked gene assumption. If the observed data is very unlikdy, the implicatinn is Ihat Iht'Il' 

is an unlinked determinant of disease. 

Using the sib.pair example and disease risk estimates l'rom Kallmann and Rl'iSI\CI 

(1943), the increased sibling risk for tuberculosis can he estimated ilS IH.9/t.t III 25.5/1.4. 

depending on whether crude risks or risk", adjusted for agl' differencl's :lIC IIst'd. 

respectively. The posterior probability oftwo affected sihlings sh:uing Zi.'rO alkks is thus 

0.25/17.2 or 0.25/18.2, respectively, or about 0.014. Knllwing this expected plOpllltion, 

marker data could be colleeted fer affeeted sibling pairs and uscd tll dl'lcrmillc wlll'IIll'1 

the single locus model of susceptibility can be rejecteù. At the saille timl', the el'fcrl of 

a pat1icular marker locus on disease risk can be measlIIed using the ohservcd shaling (lI' 

zero alleles and the simple prior probabilities of sueh sharing hy two relatives. Risrh 

(1987) also developed a method to assess the evidence for an undetected linked allclc 

using a model of two susceptibility loci with a multiplicative cffecl (unlinked 10 l'adl 

other), haplotype discordance data from affected relatives, and genolYre penc!ral1l'l'S l'Will 

a~~ociation studies. 

For further parametric and non-parametric linkage analysis of tuherclIlosis, marhl~ 

in the close vicinity of the TNP-l locus anù in the human homologue (lI' Ihe nHlIISl' 

Nramp gene should be a priority. The sa me markers could he used for an associaI ion! 

study. In arder to study susceptibility to tuberculosis with linkage or association analysis, 

it is c1ear that the study sample should ideally be selccled in slIch a way as III avoid 

differences between cases and non-cases with respect 10 the following: CXpll~lJle 10 

M. tuberculosis; non·genetic risk factors fOf tuberculosis; priof BCG vaccinalion; :tnd 

chemoprophylaxis. If non-cases were not infected, were vaccinated, or rcccived 

chemoprophylaxis, or if cases haù other risk factors for tuherculosis not rre.,enl among 

the non·cases, linkage or association could be missed (increased type II error) 01 l'aIse 

positive evidence could arise (increased type I error) . 
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5.4 Conclusions 

1. Linkage analysis of a large, multiplex, Aboriginal Canadian family provided 

evidcnce for linkage of a tuberculosis susceptibility gene to the TNP-1 locus on 

chromnsome 24, using a single-locus, incompletely penetrant susceptibility trait. 

ThIS result was robust to variation in susceptibility allele and marker allele 

frequencies and penetrance, within reasonable ranges of these parameters. 

Linkage to the same region was significantly excluded for the combined results 

of 16 smaller families from Colombia and Hong Kong. 

2. The effect of a tuberculosis susceptibility gene may be more important or easier 

to detect in a predominantly newly-infected family with minimal BCG vaccination 

and exposure ta an intense, short-term epidemic. Conversely, the study of fam iIi es 

from regions with endemic tuberculosis and vaccination coverage may not be as 

useful to investigate the early host response to infection with M. tuberculosis. 

3. The results of the lod score method of linkage analysis are sensitive to errors in 

diagnosis and marker typing. Finally, for the study of a complex disease such as 

tuberculosis, careful choice of families and appropriate genetic models are crucial. 
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APPENDIX A 

Questionnaire sent tu the Columbian collabora tors 

Note. 
For reasons of confidentiality, gender information and pedigree diagrams have been 
removed from the questionnaire 
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TUBERCULOSIS LINKAGE Al"lAL YSIS QUESTIONNAIRE 

Total number of pages: 23, mcluding pedigrees and maps 

QuestionnaIre to be filled out by mvestlgators involved in the collection and diagnoses 
of: Families GV, MAl'\1, RA V, RES, and RJA (pedigree structures provlded on 

pages 17 and 18) 

Please read over the questÎ'Jnnaire and contact us if you have any questions or 
comments regarding this forme Our address and fax number appear on page 16. 
InstructIons and mformatIOn about the questIons appear ID bold print. 

Section A. CollectIOn ~fethods 

This information will be used to evaluate how weIl the five families in tbis study 
represent aH families affected with tuberculosis in Colombia. We would like to be 
able to describe the location of the study families in Colombia. We also want to 
describe in general the procedure used to colIcet the blood samples. 

1. PIeuse confinn whether the minimum critena used ta select the families was as 
follows: two or more offsprmg in the frumly were affected Wlth tuberculosis, one 
parent was affected and the other parent was unaffected, and there may have been 
additIOnal affected relatives. Circle the family Dame beside the responses that 
apply. 

Criteria as above for families: 

Different set of criteria for families: 

GV 

GV 

MAJ.V[ RAV 

MAM RA 'V 

RES 

RES 

RJA 

RJA 

Please specify the different set of criteria: _______________ _ 

2. It is our impression that families meeting the criteria for linkage analysis are 
relatively infrequent (that is, many Colomblan families affected with tuberculosis do 
not fit the selectIon crIteria specified ID question 1). Please mdicate with what 
approximate frequency a fanuly meeting the cntena you used for selection occurs 
among all affected farmlies in the population wluch you serve. Check which 
response applies for the selection criteria used. If ooly one set of criteria wa~ 
used for all the famiIies answer for the one criteria set only. 

For families in the study meetmg the selection cnteria suggested by us in question l, 
such fanulies occur with the frequency. (check which respoDse applies) 

__ 11010 ( ... continued next page) 

.. 
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1 in 100 

1 in 1000 

__ other (please specify frequency): ______ _ 

don't know 

For families in the study meeting a different set of selection criteria used by you and 
specified in your response to questlon 1, such families occur Wlth the frequency: 
(check wbich response applies) 

l in 10 

__ l in 100 

l in 1000 

__ other (please specify frequency): ______ _ 

don't know --

3. What strategy was used to find the families for this study? 
Circle the family name beside the responses that apply. 

Field workers knowledge for families: GV MAM RA V RES RJA 

Search of a registry (for example, a hospital registry of tuberculosis patients) 

for families: GV MA.M RAV RES RJA 

Other (please specify method and indicate families involved): _____ _ 

4. Through which members were the families made known to you? 
Circle tbe family name beside tbe responses that apply. 

Affected children for families: GV MAM RA V RES RJA 

Affected parents for families: 

Affected parents and chtldren for farmlies: 

GV 

GV 

MAM RAV 

MAl\1 RAV 

RES 

RES 

RJA 

RJA 
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5 Please confirm that the study families were se!ected in an opportunistic manner, that 
is. appropriate famllies were chosen for the study as they came to your attention. 
Cirele the family Dame beside the responses that apply. 

Selected as above for families: GV ~1AM RAV RES RJA 

Other manner of selection (please specify and indicate families involved): __ _ 

. 6. Where was each family living at the time of collection of the blood samples? 
Please give the name of the village/town/city and province for each family if 
known. Please mark (with an "X" or a circle in colour) the nearest location 
for each family on the maps provided (pages 19 to 23) where possible (please 
specify the family name(s) for each marking). Pages 19 and 20 present a map 
of Colombta whIle Page 21 to 23 feature Antioquia and Cordoba prOVInces for more 
specitic indicatIOn of locations . 

GV: ________________ , _______________________________________ _ 

~M: ___________________________________________ _ 

RAY: _______________________________________________ _ 

RES: ________________________________________________ __ 

RJA: ________ . ________________________________________ ___ 

7. Please de scribe the process of collecting the blood sarnples sent to us in Montréal 
by responding to the following four questions. 

(a) Please specify the number and type of workers involved in collecting blood samples 
(for example: numbers of nurses, doc tors, technicians): 

.. 
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(b) Please confinn the locatlons at which the bloods were drawn. Check which 
response applies. 

__ at hOSPltalS and/or local health clinics oruy 

__ at the farmlies' homes only 

both at hospitals and/or local clinics and at home 

(c) Please specify the general range of time between blood collection and snmple 
processing (that is, the tlme to either freezmg of the samples or separation of mono­
nuclear cells). Fill in the blank. 

Range of hours from sample collection to processing: hours 

(d) Piease specify when the blood samples were collected. Fill in the blanks as 
indicated. 

Between the date ----, 
(month/year ) 

and the date ____ _ 
(monthlyear) 

. . 
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Here, we want information concerning the diagnosis of tuberculosis disease. Wc 
want to know which diagnostic tests were used and the confidence you have in the 
tests' ability to correctly indicate absence or presence of tuberculosis disease (i.e. 
tbe sensitivity and specificity of the tests). We also want to know if any family 
members have ever received BCG vaccination or if any individuals were given 
anti-tuberculosis drug treatment following the tint diagnosls of tuberc1!!osis in the 
family. 

Another aim of tbis section is to assess whether any members of the families May 
Dot have developed tuberculosis because they were not exposed to the mycobacteria 
(that is, they were not living with the family members who were infectious). We 
ask you to indicatc whether you know if the unaffected individuals were living with 
an affected family member at the rime the relative was diagnosed with 
tubercuIosis. We plan to use the skin test results as an indication of exposure to 
the tuberculosis infection. 

1. SENSITIVITY OF DIAGNOSTIC TESTS: 
Evaluate each avrulable diagnostIc test by marking on the line (with an X) where 
you would place your impression of the sensitivity of the diagnostic test under the 
conditions for the diagnoses in the five families. The numbers over the line are 
the percentage of times a test will indicate disease in someone affected with 
tuberculosis and the words beneath describe the sensitivity level of the test. If 
a test is unavailable, leave the line blank. 

Sputum culture 

0% 20% 40% 60% 80% 100% 
L 1 1 1 1 .J 

lnadequlltC very poor poor good very good excellent 

Other fluid culture (e.g. gastric fluid) 

0% 20% 40% 60% 80% 100% 

1 1 1 1 1 1 
lnadequllte very poor poor good very good excellent 

Microscope smear 

0% 20% 40% 60% 80% 100% 
1 1 1 1 1 1 

Inadequate very poor poor good very good excellent 

.. 
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Chest X-ray 

0% 20% 40% 

1 1 1 
Inadequate very poor poor 

60% 
1 

good 

6 

REVISED 
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80% 100% 
1 1 

very good excellent 

Evidence of typical clioieal symptoms of tubercuiosis (e.g. fever, fatigue, wetght loss, 
cough) 

0% 20% 40% 60% 80% 100% 

1 1 1 1 1 j 
Inadequate very poor poor good very good excellent 

Skin test 

0% 20% 40% 60% 80% lOO% 

1 1 1 1 1 ! 
Inadequate very paar poor gaad very gaad cKcellent 

Response of symptoms to tubercuJosis treatment (an individual may be considered 
affected with tuberculosis if hislher clinical symptoms were relieved by treatment given 
because he/she had contact with an infectious case) 

0% 20% 40% 60% 
1 1 1 1 

madequate very poar poor gaod 

2. SPECIFICITY OF DIAGNOSTIC TESTS: 

80% 

1 
very good 

100% 

1 
cxcellent 

Evaluate each available diagnostic test by marking on the line (with an X) where 
you would place your impression of the specificlty of the diagnostic test under the 
conditions for the diagnoses in the five families. The numbers over the line are 
the percentage of times a test will indicate absence of disease in someone not 
affected with tuberculosis and the words beneath describe the specificity level 
of the test. If a test is un:lvailable, leave the line blank. 

Sputum culture 

0% 20% 40% 60% 80% 100% 
1 1 1 1 1 

Inadequate very poor poor good very good excellent 

• 
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Other fluid culture (e.g. gastric fluid) 

0% 20% 40% 60% 80% 100% 
1 1 1 1 1 1 

Inadcquate vcry paor poor good very good excellcnt 

Microscope smear 

0% 20% 40% 60% 80% 100% 

1 1 1 1 1 1 

InadcquaIC vcry poor poor good very good excellcnt 

No evidence of typical clinical symptoms of tubercuIosis (e.g. fever, fatigue, weight 
10ss, cough) 

0% 20% 40% 60% 80% 100% 

1 1 1 1 1 1 
Inadcquate vcry poor poor good very good excellent 

Skin test 

0% 20% 40% 60% 80% 100% 
1 1 1 1 1 1 

Inadequate very poor poor good vety good excellent 

3. Rank the methods in the order of their usefulness in diagnosing tuberculosis under 
the conditions for the diagnoses in the five farrolies where 1 = most useful, 2 = next 
most useful: and so on. If several methods are equally usefuI or used together 
in diagnosis, rank them with the same number. If a method is unavailable, use 
the rank "0". 

__ sputum culture 

other flUld culture 

__ mlcrvscope smear 

__ chest X-ray 

___ evidence of typical clinical symptoms 

__ skin test 

__ response of symptoms to tuberculosis treatment 

- . 
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4. REGARDING THE DIAGNOSIS OF "AFFECTED": 

8 
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Given the linutations of the available diagnostlc tests, how confident are you that Li 

person diagnosed as "affected wah tuberculoslS diseuse" W1der the conditIons for 
these five families actually has tuberculoslS disease? Please indicate your level of 
confidence by marking the line below, where the numbers represent percentage 
of times the affected diagnosis is correct. 

0% 

L 
DlagnoslS 

ncver correct 

20% , 40% , 60% , 80% 
1 

5. REGARDING THE DIAGNOSIS OF "NOT AFFECTED": 

100% 
1 

Dlll8noslS 
31wllys correct 

Given the diagnostic conditIOns available for these study families, how confident 
are you that an individual diagnosed as "not affected with tuberculosis" is actually 
not diseased? Please indicate your level of confidence by marking the Hne 
below, where the numbers represent percentage of times the unaffected 
diagnosis is correct. 

0% 

Diagnosis 
never correct 

20% , 40% , 60% 
1 

80% , 
1000/Il 

1 

Diagnosis 
31ways correct 

6. PIeuse indicate the source(s) of the skin test antigen(s) used for tuberculin skin tests 
of the study family members if known: 
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7_ DtAGNQSIS, SKIN TEST, AND VACCINATION INfORMATION FOR THE INDIVIDUALS DtAGNOSED AS AfFECTED WrTti TUBEACULOSIS 

PLEASE COMPLETE INFORMATION FOR EACH AFFECTED PERSON WITH THE APPROPRIATE SYMBOLS AS INDICATED IN TUE COlUMNS AND BELOW TI lE TAfllE 

• 
9 

OCT 31/92 

DU RING INVESTIGATION FOR nJBERCUlOSIS PRIOR TO TUBERCUlOSIS DIAGNOSIS DATE 
Dalool 

lndIvIduaI Sol( bII1h 
Id/molyl) 

G'I-OI 

G'I.Q3 

G'I-05 

GV-07 

0'1-09 

~. 

GV-ID 

MAM-02 

MAM-03 

MAM-OS 

MAM-07 

d '" day mo • monlh 
d k '" don', know 

Agut 
dIagoœ~ 

(moolhs 
oryaa!&l 

yr'" yaar 

-t c posillve reaull - ~ negabye resull 

Data of 
dtagnosaa 
(d/moIyl) 

n d - 001 de\ennlnable, amblguoua, or no' dOM 

• 

EvarBCa Culture ChastX-ray Mlcroaccpy T uberculosls SkJn tasl rasull Skin test at an Hadtubercu 
vacclnaled1 l-t,-,ornd) It,-,ornd) (-t,-,ornd) aymploms Ind or mm ~Ilor lime ln d losIs belOle1 

(yes_ 00, anddele anddele anddale 5hown7 (yes, Iodut allon! and or nvn induration) (yes, no, 
ordk) ild/mo/vrl 1 Id/mo/yI) Ild/mo/vl) noordkl dalet Id/mo/vII and dale ld/moIvll ordkl 

-
OUle the foUowlng codelS: 1 .. 00 Irealmenlglven 

2 m lraslmenl glyen; individuel wu a aUlipected case 
3 '" lrastmenl ylven, individuel wu uymplomabc but had contact wllh an Infecbous palSon 
4 a Iraalmanl glyen, nol cIoar whelher case 2 or 3 appUes 

Had drug Iraalmenl 
belare diagno$l$1 

(1,2,3, or 4)· 
SEE BElOW 

i 
1 
1 
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QUESTION 7 CONTINUED DIAGNOSIS, SKIN TEST, AND VACCINATION INFORMATION FOR INDIVIDUAlS DIAGNOSED AS AFFECTED WITH TUBERCUlOSIS 

PLEASE COMPLETE INFORMATION fOR EACH AFfECTED PERSON WITH THE APPAOPRIATE SYMBOlS AS INDICATED IN THE COLUMNS AND SElOW THE TABLE 

• 
10 

OCT 31/92 

DURING INVESTIGATION FOR TUBERCULOSIS PRIOR TO TUBERCUlOSIS DIAGNOSIS DATE 
Dale of Aga al Daia of 

IndIvlduaJ Sax bII1h dlagnoab dlagnosb 

(d/molyr) (monlhs (d/mo/yr) 
or yaars) 

RAV-OI 

RAV-05 

RAV-07 

RESGI 

fI!:S-OS 

RES· 1 6 

RES-lB 

RJA-OoI 

RJA-OS 

R..IA 97 
1 

d ~ day rno D mor.1h yr - year 
d k ... don'l knOw 

t - posIWe result • - negallve resJlt 
n d - Oùl detormlnable. ambIguoua, or Oùl done 

fi 

EvarBCO Cultura CheslX-rsy Microscopy Tubarculosle Skin test reault Skin test al an Had tubarcu-
vaccinatad1 (t,-,ornd) (t,-,ornd) (t, - ornd) symploms? (nd ormm earlier lime (n d losb baIera? 

(yes, no, anddsle anddale and date shown? (yes, Indurallon) and 01 mm InduraUon) (yes, no, 

ordk) 1 (d/mo/yr) Ild/mo/yr) 1 (d/mo/yr) no ordk1 dal8 ld/mo/yl} jifJd dale Id/mo/~'l ordkl 

. 

·USÛ the j.)\\cwing codas l '" no traetment glven 
2'" Iraalrneot tJlVoo. kldMduaI wu a sU$pOClad c:aae 
3 - 1reatm«l1 glvoo: tndMduaI wu alyrnp&omalic bul hac:I contact WIIh an Infocllous petaon 

4 .. Irealmenl glvon, nol cIear whalher eue 2 or 3 appIIea 

Had drug treatmant 
balore daallnosls? 

(t, 2, 3, or 4)" 
SEEBELOW 
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8 DlAGNOSIS, SKJN TEST, AND VACCINATION INfORMATION fOR TI lE INDtVIDUAlS DIAGNOSED AS NOT AffECTEO WITH TUBERCULOSIS 11 
OCT 31/92 

PlfASE COMPlETE INFORMATION FOR EACH NON-AFFECTED PERSON WlTH THE APPROPRIATE SYMBOlS AS INDiCATED IN THE COlUMNS AND BELDW TtlE TABLE 

Dateo! 
lodIvIduaI Sel( bk1h' 

(dImoIyr) 

GV-OZ 

GV-04 

GV-06 

GV-08 

GV-Il 

GV-13 

GV14 

âV-15 

MAMOl 

MAM-04 

-MAM06 

MAM08 

d - clar mo ~ RlOfI!h 
dk - don'Iknow 

Date 01 
daegnosIa 

Id/moly:') 

yr ~ yoor 

1- - poa!tlve resull • - negeltve resutl 

EverBCG 
v~ 

(Y05,no, 

ordk) 

n d .. nol delem1lnable, ambIguous, or 001 clone 

• 

DURING INVESTIGATION fOR TUBERCUlOSIS ~ le~1 rasuh pr\of 
LMngWllh" Glveo drug Iresl- Kad\uber- Cullure CheslX raI' MIcr~y T ..t>etculc>sb Skln 10,1 resuil ., iii ~I daago<>us in 
an lnIecllous ment'" aher wd culoals (1-,-,orndl (+,-,orndl (t,-,orndl avmploms (nd ormm d/lIllV - (n d or mm 
relallvo? (y .. , dlagnos" In fBllllly? beIOf_? /ye., anddale enddalo and dei" shawn? (rOll, induiaUon) and ~1du(OIlon) and 

no ordkJ (yes, no, or d k J no,ordkJ Id/lOO/yi) Itdlmolyr) IldlmoIyl) no, or dk) doit) Id/moa'l ~IO [dinlO/}'1} 

--

~._~_.-

~--- ------

"., unavwleblo, glve oga ,,1 dlagnosla lmo or V/1') "Uvlng wlU. Il IIIOOy tamlly mambDr allha lImco Iha ,alallve w .... dIagnooad as a"e .. l...:I 
••• Thal t., anliluberculosia Irealmenl glvlIIllo Ihe asymp\omalic individu'" bocausa c:on\ocl wllh an Inlaclloua poraon w ... M.l5pacted 

- Most recenlskln le61 belore firslluberculosls dlaQ006b ln \he ",mIIV 
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QUESTION 6 CONTINUED DIAGNOSIS. SKIN TEST. AND VACCINATION INFORMATION FOR THE INDiVlDUAlS DIAGNOSED AS NOT AFfECTED 12 
OCT 31192 

PlEASE COMPl ETE INFORMATION FOR EACIi NON AFfECT ED PERSON WITH TIIE APPROPRIA TE SYMBOlS AS INDICA TED IN THE COLUMNS AND BElOW lUE TABLE 

Dols 0' 
Indwldu'" $..x bII1h. 

Id/moly') 

RAV02 

RAV-03 

RAV-04 

RAV-06 

AAV08 

RJA-OI 

AJA 02 

FUA-Ol 

RJA09 

FUA 10 
f--

RJA96 

RJA98 

--- -1 AJA 99 

d - da)' lM - monIh 
d k - dotl1 Iulow 

Oalaol 
dlogoo'" 
Id/mo/yr) 

YI ·Y-
t- -~ rosv.!l - - negalIve resull 

EvsrBCG 
... acclnaled? 

(t .... no. 
01 dk) 

n d - 001 dolelrninabld. ambIQuou&. Of 001 dooo 

• 

DURING INVESTIGATION FOR TUBERCUlOSIS Skln le51 rosull pllor 
lJvlng wllh·· Grven dr..og Ireal- Hadlubor- Cullurs CheslX-ray M!Cl(>SCOPY T ubercuJosb SkIn Issl rasull ol filsi dI .. gno'" III 
an lIl'eclious men'''· alter tirsl cula'" It-. -.OInd) It. -.ornd) (t. -.o,nd) .ymploms (od OInvn wnIIy - ln d or 1I'.m 

,elab .... ? (yes. dlOgllOsls III Iwnlly1 belore? (ye •. anddala anddelo anddelo ahown? (ye •• ~idUlaborl) and nduraborl) and 
no. or dk) Ilye •• no. 01 d k 1 no. ord~) ild/mojyrt Ild/lllo/vl') Iid/molyl) no. ordk) da'a Id/mol~ll ~ .. I" ld/nlo/YII 

... unavDllacls. grvo sgo al dIognœIa (me or 1"1 "UvIng WIlh 0 a\Udy lamIIy member.t Itlo Ikna!ho r .... ~ was cIaagno5ed as oII&I;l6d 

···ThaI b. 0,-,11 kJborculos!s Iroalmeol gIvan 10 t;e asymplornallc Individual ~ cooI&ct WIIh an lnIec:lous ~ was suapec'oOd 

- Uo5I rOC«\l1k1ll loSI bok:to irai tut:K. .::Uo.ta degnosb ln the /amII)I 

.J 
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QUESTION 8 CONTINUED. OIAGNOSIS, SKIN TEST, AND VACCINATION INFORMATION FOR THE INDIVIDUAlS DIAGNOSED AS NOT AFFECTED 13 
OCT 31/92 

PlEASE COMPlETE INFORMATION FOR EACH NON AFfECTED PERSON WITH THE APPROPAIATE SYMBOLS AS INDICATED IN THE COlUMNS AND BELOW TUE TABLE 

Dale 01 
individuel Sax bIrIh· 

Id/moly" 

RES-02 

RE~ 

RES-04 

RES 06 

RE~7 

RES-OII 

RES-09 

RES-l0 

RES-l1 

RES-12 

RES-13 

RES-14 

--RES-!!i 

RES-17 

d - dey rro - lIlOOIh 
dk - dan'\koow 

Dale 01 
dIagnosb 
(d/moIy!) 

yr-y-

t - ~.-.. - - negùYa r'" 

EverBCG 
.. ac:dnaIad1 

(raa,no, 
Of dkl 

n.d.. - llOI ~~ l1li hblO' •• « notdone 

• 

OURlNG ImESTIGATION fOR TUBERCUlOSIS skln lesl rasul! prIor 
l.Mng wtIh.. ! G/v8ll drug Iresl· Hadluber- Cullure a-IX-r.y MlctollCOp)' TubamAo.ls f:Idn .... 1 r.ault o dl-al "'agnoala ... 
an lnIeclloua manl"· a/Ie( Iir,I culasb (t,-,orndl (t,-,orndl (t,',Ofndl aymptoma (nd wnvn amIIy - (n d or mm 

relallVa1 (r.s, dlagnosls ... lamlly1 belore? (rea, anddal. anddill. enddale ahown1 (ro., lndulodooJ and ndurallon) and 
no ordk) 1 (ros. no, 01 d k) no, ordk) Ild/molyr) ICd/molyr) 1 IcJJmoIvr) no,ordk 1 dalo Idlr:lo!vr) idole Id/molyrl 

- - - ---

•• LWIaYIIIebIe, r,;v. 9111 ~ emo 01 )'la) ul.Mlg wIIh • lUi)' t.mIy mamber 1111» lknI Ile rlllatia waellagnoMd .. 1IIfec:ted 
••• ThaI., ... ~ ~~ \0" ~ lndMduaI bacausc; l:OIlIIIQ vMl an~ ÇN8 wu lllIopOd6CS 
- .... ~ U!kl ... baIor .... t»wc:ubll:t ~ ln Ilelamlr 

1 
1 
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Section C: Uvlng Conditions 

ln this scction, wc woulcl liI,c 10 evnlllalc Ihc polcntilll for lransmission or 'hc lubcrculosis 
mycobaclcriulIl in Ihe air bchvccnlhc rmnily IIlcmbcl's in lhcir hOlllc cnvil'Onlllcnl. If ll'llnsmission 
Jlotcntia! is high il is more 1 cnsollablc to assume lhal evcryonc in lhe home hns bccn cxposcd. 

PlEASE COMPLETE AS MUCH INFORMATION AS POSSIBLE ABOUT THE HOME OF EACH FAMiLY ABOUT THE TIME 
OF THE FIRST TUBERCULOSIS DIAGNOSIS IN THE FAMILY (WITHIN 1WO MONTHS) IF KNOWN 

USE THE APPROPRIATE SYMBOLS AS INDICATED 

Number of persans" Number 01 Sleeping Ventilation of dwelfing High polentlal for transmission 
Familv living ln same housel1ald rooms in dwelhng (good or paar)*" of disease ln alr?*** (ves or no) 

GV 

MAM 

RAV 

RES 

RJA 

14 
OCT. 31,1992 

Date home seen 
(d/ma/yr) 

--- - --- --- ----
__ L-._ _. _____ 

d = day ma = monlh yr = year 
• InclutJe non-famlly members 
** A well-venlilaled dwelllng would have many windows and perhaps a fan 
.lU ln your opinion, based on your Impression of the home 

• 

e 
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Section D: Tuberculosis Situation 

1.5 

REVISED 
OCTOBER 31, 1992 

We want to use the information provided here to estimate the frequency of a 
susceptibility allele and assess whether the level of exposure to infection 
experienced by the five families in the study is typical for families living in their 
area. 

1. Please give a general estimate of tubercuiosiS incidence (number of new cases in 
the population per year) and tuberculosis prevalence (number of active cases in the 
population at one time) for the areas in which the families live. Any estimate, 
however "rough", will be useful. Fill in the bIanlts. If the families come from 
several areas with varying tuberculosis situations, please provide ranges of 
incidence and prevalence. 

Incidence: 

new cases per population of 100 000 individuals during the year 

year 

Prevalence: 

_____ active cases per population of 100 000 individuals at the time 

month/year 

2. For the rime for which you have personal knowledge with the regions where the 
study families live, has tuberculosis incidence generally been at a stable level, 
steadily increasing or decreasing, or bas there been periodic epidernics (large 
increases in incidence followed by decreases)? CircIc the family name under the 
appropriate responses and indicate the relevant time period in years. 

Stable incidence for: 

GV for the time period 

MAM for the time period 

RAV for the time period 

RES for the rime period 

RJA for the time period 
( ••• continued next page) 



Increasing or decreasing incidence for: 

16 

REVISED 
OCTOBER 31, 1992 

GV for the time period ____________________ _ 

MAM for the time period ____________________ _ 

RA V for the time period _____________________ _ 

RES for the time period ______________________ _ 

RJA furthetlineperiod _________________________________ ___ 

Periodic epidemics for: 

QV furthetimeperiod __________________________________ _ 

~ furthetilneperiod ____________________________ __ 

RA V for the rime period ____________________________ _ 

RES for the time period ___________________ _ 

RJA for the time period ________________________________ _ 

3_ At the time of the fust diagnosis of tuberculosis in each family, indicate whether 
tuberculosis incidence was stable, on the rise, or on the decrease. Circle the family 
name beside the responses that apply. 

Stable incidence for famiIies: GV 

Increasing incidence for families: GV 

Decreasing incidence for families: GV 

MAM 

MAM 

RAV 

RAV 

MAM RAV 

** ................. * ... 

RES 

RES 

RES 

RJA 

RJA 

RJA 

We thank you very much for your kind cooperation. We appreciate your time and 
effort needed to complete tbis questionnaire. 

Lucy Boothroyd B.Sc. 
Master' s Thesis Program, Department of Epidemiology and Biostatistics 
McGill University 1020 PiI'ie Avenue West 
Montréal, Québec CANADA H3A 1A2 
(514) 937-6011 extension 4627 (telephone) 514-934-8273 (fax) 

Supervisor: Dr. K. Morgan (Depts. of Epidemiology & Biostatistics and Medicine) 
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APPENDIX B 

Pedigree diagrams and case distribution by diagnostic methods 

B1 Colombian families 

B2 Hong Kong families 

B3 Canadian family from 1989 fieldwork 

B4 Canadian family from 1993 data 

B5 Distribution of cases by diagnostic Olethods for affected family members analyzed 
for !inkage in each geographical region 

Note. 
For reasons of confidentiality, gender information and identification numbers are Dot 
displayed in the pedigree diagrams 
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APPENDIX B1: COLOMBIAN FAMILlES 

Family GV 

P98S1 
(25) 

p98S1 
(22) 

FamilyMAM 
-B 

1(97,1 14 1(98)1 25 

11(~41 

-B 

[:=:] 

1
1984

1 (16) 

1 19Sr] 18 

-B 

1
1962

1 (24) 

• 

-B 

1
199

°1 (21) 1
1986

1 (15) 

119851 
( 1~\ • . . . 
--~ 

Family RAV 

+8 

[TIr 1 (14) 
- -~ 

Legend: 

• = case 0 = nOIH:ll5e 

* = no typlOg 

+B, -B,?B = BCG vaccinaled, nol BCG 
vaccinale<!, and status unknown 

1 199f ! = year cf diognosls, 
21 age al d,agnosis (years) 

[:=:] = diagnostic detalls uncertaln 

• 

nol liVing wlth = not liVing wlth infectlous relatives 

+B 

-B -8 

Ir81
1 47) 

+8 

1?8,1 17 
1(98,1 

14 
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• APPENDIX 82: HONG KONG PEDIGREES 

Family 1 Family 2 

?B 1B ?8 

* 

1
1987

1 (67) 
Œ987 1 (72) 

'?B 

[ 
1984

1 
not 

1
1987

1 

not 

(27) liVIng (26) liVIng 
wlth with 

Family 3 

?8 ?8 

* • 119trJ 57 

mm 37 

+B 

* 

1
1987

1 (26) 1?
87

1 22) 

Family 4 Family 5 
?B 1B -B 

1
1987

1 (49) 1198~ (65) 

Q 
+B 

• \?8)\ 23 1(98)\ 26 1(98)1 24 

?B 

1
1988

1 (7) 

Legend as for 
Appendix 81 

?B 

?8 

+8 

-B 

?8 
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Family6 

?6 

897;1 60 

0 

\
1983

1 (27) 

Family 8 

\
1976

1 (22) 

Family 9 

1
1974

1 (17) 

?B 

?B 

It83
1 20) 

-B 

\
1978

1 (12) 

-B 

1
1976

1 (15) 

Family 7 

-B 

* 

\(
98rl 72 

* 

1
1988

1 (27) 

-B 

1
1985

1 (18) 

-B 

1
1975

1 (36) 

+B 

* 

1
1978

1 (6) 

-B 

+B 

* 
1 ?881 23) 
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Family 10 

+8 

1?861 50) 

1
1989

1 (25) 

Family 12 

Family 13 

not 
living 
with 

+8 

+B 

e989

1 (18) 

-B 

1
1986

1 (61) 

[ 1983\ 
(19) 

[?J 
?B 

1
1989

1 (64) 

1
1989

1 (29) 1
1990

1 (28) 

[?J 

Family 11 
?B +8 

1
1985

1 (30) 

+B 

1
1985

1 (7) 1
1985

\ (5) 

-B 

+B 

* 

+B 

+8 

1
1989

1 (23) 1
198j (20) 
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APPENDIX B3: CANADIAN FAMIL y FROM 1989 FIELDWORK 

o 
p p 

.. 
? ~I~ 61+ 

+ + + + 

+ + 

.. .. .. .. .. .. .. .. 
+ + + + + + + + + ++ ++e+ + ++ + + eee 

Legend: 
• = case during outbreak 

o = non-case durlng outbreak 

~ = case durlng outbreak, 
case prlor to outbreak 

• = non-case durlng outbreak, 
case prlor to outbreak 

.. = no typing 

G 

+ = newly PPD-positlve during 
outbreak 

p = PPD-posltive prior to outbreak 
B = known BCG vaccination 
? = clinicat cietails unkn.,wn 

e = PPD-negative during outbreak 

+ 

--

* + 
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APPENUIX 84: CANADIAN FAMILY FROM 1993 DATA 

<) 

Legend: 

• = case durlng outbreak 
(note that #1 was also a case prior to outbreak) 

<> = non-case during out break 

~ = case prlor to outbreak, non-case durlng olltbreak 
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APPENDIX BS 

Distribution of cases by diagnostic methods for afTectcd famUy mcmbers amalyzcd 
for linkage in each geographical region 

Geo- Diagnostic method 
graphical 
region 

(number of Smear- Smear- or Abnormal chest Clir.ical Previous 
cases) and culture- X-ray (*smear- symptoms disease 

culture- positive and/or culture- only hy 
positive (type: negative; * *no (no other historient 

S=smear microhiologie tests) records 
C=eutture) tests done) 

Canac1a 6 7 6* () 3 
(22) (7C) 

-
Colombia 0 10 1* 2 2 
(15) (QS, 1C) 

Hong Kong 10 5 20 4 () 

(39) (2S,3C) (18*, 2**) 

seurces: 

1 

For the Canadian family: Miller (1991; personal communication), Fanning (personal 
communication), Mah and Fanning (1991), fieldwork notes (May, 1994) 
For the Colombian and Hong Kong families: international questionnaire data 

= 
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APPENDIX C 

Adjustmcnt to the preliminary model 

The source for the penetrance estimate for the rlr genotype in the preliminary 

models was the Kallmann and Reisner (1943) twin study. The penetrance was estimated 

directlyas the monozygous twin tuberculosis concordance rate (unadjusted for age), which 

was 62%. In a twin study, the monozygous twin disease concordance rate is the 

proportion of monozygolls co-twins of an index case who have been affected with the 

disease. If the twin study begins with the ascertainment of cases and not twins (from, for 

instance, a population-based twin registry), a proportion of twins who are both unaffected 

in the population are not ascertained. In this situation, which was the case with the 

Kallmann and Reisner study, the penetrance (the conditional risk of disease given 

genotype) is not directly equal to the monozygous twin disease concordance rate. A more 

appropriate estimate of the penetranct: for the preliminary models using the chosen source 

takes into account the sample ascertainment method, and is derived as follows. 

Under the assumption of absence of phenocopies and recessive inheritance of 

susceptibility, 

c = r2 

r + 2r(J - l'). 

where C is the monozygous twin disease concordance, r is the penetrance of the 

susceptible genotype, il is the probability that both twios are affected, and 2r(1 - r) is 

the probahility that only one twin is affected. 

Solving for r, 

C = r 

r + 2(1 - r) 

r = 2e 

l+C 
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In the Kallmann and Reisner (1943) study, the monozygous twin eoneon.lanee was 

61.5% (unadjusted for age). An unbiased estimate of penetrance from this study would 

be the following: 

r = 2(0.615) 

1 + 0.615 

r = 0.76 

Therefore, the estimate of penetrance for the rlr genotype in the preliminary models would 

be 76%, when adjusted for mode of aseertainment in the source study. 

Tables 1, 2 and 3 display lod score results summed across the Colombian and Hong 

Kong families (at each recombination fraction) and for the Canadian family, under an 

adjusted preliminary model with 76% penetrance for the rlr genotype (no phenocopies; 

q = 0.2). The results are shown for selected markers with minimum Ind scores s -2 or 

maximum lod scores ~ 1 in two-point linkage analysis with the disease trait. Figure 1 

presents lod score curves for selected markers under the same model. Figures 2 and 3 

show lod scores for linkage between the disease trait and the TNP-1 C marker as a 

funetion of susceptibility and marker allele frequency, in the Canadian pedigree with and 

without phenocopies. The penetrance of the higher risk rlr genotype was 76% for these 

analyses. For the phenocopy models, the penetrance of the lower risk R/R and R/r 

genotypes was 0.76/24 or 0.032 (3.2%), assuming a 50% phenoeopy rate in the 

population. Figure 4 shows the effeet of the addition of marriage and consanguinity loops 

ta the Canadian pedigree on the lad scores for linkage between disease and TNP-l C 

under the models with and without phenocopies . 
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Table 1. Lod score results under the adjusted preliminary model (no phenocopies) 
for selectcd markers, Colombian and Hong Kong families 

Disease with Lod score at specified recombination fraction 

marker 0.0 0.01 0.05 0.1 0.2 0.3 0.4 

CRYG1-D -2.11 -2.05 -1.07 -0.28 0.28 0.29 0.11 

CRYGP1-A -3.25 -2.99 -1.90 -1.14 -0.43 -0.14 -0.03 

CRYGPI-C -3.06 -2.61 -1.72 -1.16 -0.54 -0.22 -0.05 -
FN61039-M -2.35 -2.04 -1.27 -0.74 -0.22 -0.04 0.00 

TNP-l A -3.48 -3.03 -2.00 -1.32 -0.59 -0.23 -0.06 

TNP-1 C -7.97 -6.27 -3.86 -2.51 -1.14 -0.45 -0.09 

VIL 7 No. 6 -5.60 -4.74 -3.23 -2.14 -1.00 -0.41 -0.10 

VIL E-62 -6.40 -5.59 -3.68 -2.22 -0.81 -0.24 -0.04 

VIL E-84 -4.96 -3.91 -2.47 -1.61 -0.72 -0.29 -0.07 

VIL pEX2(a) -5.23 -4.48 -3.40 -2.35 -1.04 -0.40 -0.09 

DESMIN -4.44 -3.41 -2.21 -1.48 -0.70 -0.28 -0.07 

INHB-A1 -5.00 -4.13 -2.88 -2.04 -1.02 -0.42 -0.10 

--

Note. Lod scores were summed across a11 families at each recombination fraction. 
Indicated in bold print are minimum lad scores that significantly exclude linkage at the 
specified recombination fraction. Markers are listed in order proximal ta distal along the 
long ann of chromosome 2, in accordance with the RFLP map in section 4.5 . 
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Table 2. Lod score results under the adjusted preliminary model (no phenocopies) 
for se1-:cted RFLP markers. Canadian family 

Oisease with Lod score at speci.!1ed rccombination fraction 

marker 
1 

0.0 
1 

0.01 1 0.05 1 
0.1 

1 
0.2 

1 
0.3 

1 
0.4 

CRYG1-D -1.06 -0.52 0.32 0.75 0.99 (U~2 0.39 

FN61039-H -3.37 -2.24 -0.96 -0.38 0.07 0.14 0.06 

TNP-l B 2.63 2.61 2.51 2.33 un 1.28 0.57 

TNP-l C 3.46 3.41 3.18 2.88 2.19 1. .. 4 0.62 

INHB-A1 -1.98 -1.46 -0.86 -0.55 -0.23 -0.06 0.01 

Table 3. Lod score results under the adjusted preliminary model (no phenocopies) 
for selected microsatellite markers, Canadian family 

Oisease Lod score at specified recombination fraction 
with 

r-

marker 0.0 0.01 0.05 0.1 0.2 0.3 0.4 

CRYG1-A 0.40 1.13 1.60 1.68 1.50 1 '()9 0.51 

02S157 -6.14 -0.74 0.46 0.87 1.03 0.84 0.42 

D2S128 1.69 1.68 1.63 1.55 1.28 0.90 Cl.40 

02S137 -5.90 -1.40 -0.10 0.44 0.79 0.70 0.34 

02S173 -6.00 -1.84 -0.45 0.13 0.50 0.45 0.18 

02S120 -7.29 -3.87 -1.52 -0.67 -0.12 0.00 -lU)S 

D2S126 -3.95 -2.07 -0.30 0.38 0.75 n.63 0.28 

PAX-3 -5.54 ·3.74 -1.99 -1.09 -0.34 -O.OH ·(UIS 

02S172 -5.54 -2.80 -1.66 -0.98 -0.37 -0.14 -(Ul7 

02S125 -2.98 -2.99 -3.03 -2.70 -1.47 -0.73 -0.28 

D2S140 -2.94 -2.67 L:!.97 -1.44 -0.79 -0.37 -0.12 

] 
] 
-, 

Note. Indicated in bold print are maximum lod scores in favoul of linkage amI minimum 
lod scores that significantly exclude linkage at the specified recomhination fraction . 
Markers are Il'-','' -1 in order proximal to distal along the long arm of chromosome 2, in 
accordance with the microsatellite map in section 4.5. 
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APPENDIX D 

Lod scores for linkage between disease and TNP-l C under the three epidemiological 
models in the Canadian pedigree 
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APPENDIX E 

Empirical significance level of the lod score for linkage between diseuse und 
TNP-! C, maxÎmized over penetrance values 

Methods 

According to methods suggested by ou (1991), computer simulation was use,", to 

estimate the significance level of the maximum lod score computed for disease and 

TNP-l C in the Canadian non-Iooped pedigree, as the penetrance of the r/r.: genotype was 

varied from 50-95% (no phenocopies). Using the SLINK program (Weeks and Ott, 1993; 

Ott, 1989), the TNP-1 C data was simulated for the pedigree 1000 times conditional on 

the specified marker allele frequencies, under the assumption of apsence of li nkagc 

between the trait and the marker locus (the nuH hypothesis). The marker allele 

frequencies used were estimated with unrelated foundcrs in 12 diabetes familics (n = 24), 

as elsewhere in this thesis. Each of the 1000 simulation replicates of marker genotype 

assignments was analyzed for linkage with recessive inheritance of susceptihility, q = (J.2, 

and no phenocopies, as the penetrance for the rlr genotype was varied From 50-~5% in 

increments of 5%. The MLINK program was set up on a Sun SPARC station by Dr. 

Morgan to calculate lod scores for each replicate under each penetrance value, with the 

recombination fraction varied From 0.0 to 0.49 in increments of (LOI. The maximum lou 

score gem~rated with each penetrance and the recombination fraction at whlch il occurred 

were found for each replicate. Of the ten maximum lod scores ~ompllted for each 

replicate, the largest (maximized-over-models) lod score was determined. The maximized 

lod score observed over the ten penetrance values with the ohserved pedigree data was 

compared with 3 distribution of the maximized lod score for each of the 1000 replicates. 

Re~ults 

For the observed pedigree, the maximized lod score over the ten penetrance values for 

disease and TNP-l C was 3.46 at 0% recombination. For the 1000 simulated replicates 

of marker genotype data, a maximized-over-models lod score of 2.88 arose once (Figure 

1); this result was computed under a model with 95% penetrance for the rlr genotypc. 

Ail other maximized lod scores were less than 2.0. The point estimate of the significance 

level of the obsecved maximum was 0.0 with a 95% confidence interval of (0.0, 0.0(3), 
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because the upper limit of the confidence interval is 1 - al/II and a = 0.05 (Ott, 1991) . 

According to Ott (1991), the significance level associated with a maximized-over-models 

lod score is considered statistically significant when the upper limit of its confidence 

interval is less than 0.001 (the traditional 1000:1 odds for linkage). In order to meet this 

criterion with a 95% confidence interval 3000 replicates would have to have been 

analyzed . 
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