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Abstract

To test the hypothesis that genetic factors are operative in the
predisposition to leprosy (Hansen's disease) in humans, a genetic
epidemiologic investigation was performed on 269 leprosy
kindreds containing 552 affected individuals from an isolated
population in Papua New Guinea. The community, and not the
family, was the basic social unit. Leprosy, an infectious disease,
was not communal but strongly familial within the Karimui.
Segregation analysis, to determine whether a major gene for the
susceptibility to leprosy was segregating within a single multi-
generational kindred, could not differentiate between a Mendelian
genetic and a purely environmental hypothesis. The composite
kindred data, however, suggest a genetic hypothesis for the non-
immunologically induced susceptibility to leprosy per se. Within
familial kindreds leprosy invariably emanated from a common
ancestral sibship, and risk was associated with the closeness of
kin but not with infectivity or severity.

Introduction

Leprosy (Hansen's disease), which affects about 15 million people
worldwide, is an infectious disease caused by the Mycobacterium
leprae (M. leprae). Clinically, leprosy is manifested as a disease
spectrum with two polar forms, lepromatous-LL and tubercu-
loid-TT. The spectrum is further divided into infectious mul-
tibacillary forms, LL, BL, LI; paucibacillary forms, TT, BT,
BT/TT, IND; and a transitional borderline form, BB. Affected
individuals within the paucibacillary group may spontaneously
recover (1, 2). Indeterminate (IND) leprosy is unique, because
it is not only transitional to all other leprosy types but it is also
the most frequent type to heal spontaneously (1).

Once an individual develops leprosy, it is manifested as a
leprosy type on the clinical spectrum. Although the spectrum
appears to be directly related to the continuous activity of cell-

An abstract ofthis paper was presented at the I Ith International Leprosy
Congress, New Delhi, India, 1984. This study was approved by a Medical
Research Council of Canada Ethical Review Committee and informed
consent, as deemed reasonable by the Committee for such primitive
conditions, was obtained. Dr. Russell is a consultant on Hansen's disease
to the Queensland State Health Service, Australia and to the Southeast
Asia Leprosy Mission (United Kingdom).

Address reprint requests to Dr. Shields, Department of Craniofacial
Genetics, Faculty of Dentistry and Center of Human Genetics, McGill
University, 3640 University Street, Montreal H3A 2B2, Quebec, Canada

Receivedforpublication 27May 1986 and in revisedform 13 October
1986.

mediated immunity (3, 4), the precise definition of an affected
individual remains vague.

Multibacillary infectious cases (and potentially reactional TT
and BT) (5, 6), may be infective long before they are diagnosed.
Multibacillary individuals present three paradoxical findings: (a)
they do not appear to transmit multibacillary forms to their
close contacts at any greater rate than do other forms (7, 8),
although they obviously present a much heavier exposure ofM.
leprae; (b) they do not tend to cluster in multiplex kindreds
(greater than one affected in the kindred) (9); (c) the secondary
attack rate is small (9).

Most individuals in an endemic area (7, 10) and many in
areas oflow leprosy prevalence (1 1) have been infected with M.
leprae, yet few actually contract leprosy (12, 13). As emphasized
by Spickett (14), prevalence in an endemic area is independent
of contact with a multibacillary case.

De Vries et al. (15-17), using family data from both South
America and India, hypothesized that major histocompatibility
loci in humans (HLA) may function in the host response to M.
leprae. Several associations between polar leprosy types and spe-
cific HLA alleles have been identified in various populations
(18-20). Loose genetic linkage between an HLA locus and an
autosomal recessive susceptibility to tuberculoid leprosy has been
suggested from a study of an Indian population (21).

The genetic implications of the host's ability to respond to
mycobacterial invasion have also been repeatedly identified in
animal models (22-24). The genetics of the natural or nonim-
munologic resistance to intracellular parasites is frequently de-
scribed as complex although single genes with major effects have
been dissected out (25). In inbred mice natural resistance to
intracellular parasites is typified by its variability. Even within
a single strain that is considered to be susceptible, a large amount
of variability is demonstrated (26).

Skamene et al. (27) have shown that the susceptibility and
resistance to other mycobacterial infections and intracellular
parasites in inbred mice is controlled by a single, non-major
histocompatibility complex (MHC)-linked, autosomal locus.
However, ifthe experimental bacterial dose is large enough, even
a genetically resistant animal will succumb (28).

The objective of our investigation was to test the hypothesis
that genetic factors are operable in the predisposition to leprosy
per se. The study population (an isolate from the Highlands of
Papua New Guinea) was chosen because it was believed that
such a unique human population would mitigate many problems
in a search for genetic factors in the pathogenesis of a disease
caused by an environmental agent. Under the assumption ofan
underlying susceptibility to leprosy, a thorough examination of
the familial kindreds was performed. The following was observed
within these kindreds: (a) leprosy appeared in multiple genera-
tions and in 92% of the cases, direct descent from a common
ancestral sibship (vertical transmission); (b) affected conjugal
pairs had high risk ofhaving affected offspring only ifboth came
from affected kindreds; (c) half siblings had equal risks; (d) al-
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though affected mothers represented the main potential source
of infection, affected mothers did not have a greater risk of pro-
ducing affected offspring than affected fathers; and (e) there were
numerous instances where both father and son were affected.

Methods

An isolated, unacculturated, swidden agriculturist Papua New Guinea
population, the Karimui, was chosen for this study because of the fol-
lowing unique population characteristics:

Total ascertainment over a 19 yr period. Annual leprosy patrols have
been performed in the Karimui since 1962 excluding 1963 and 1965.
Each patrol consisted of a thorough examination of every resident for
evidence of leprosy lesions.

Uniform ascertainment. All examinations were done by one examiner
(Dr. Russell).

Confirmatory diagnosis. All suspect lesions were biopsied and mi-
crobiologic smears were taken. The biopsy specimens were sent to one
histopathologist (Dr. D. S. Ridley, London), and the skin slit smears
bacteriology studies were sent to one microbiologist (Dr. C. Shepard,
Atlanta, GA).

A unique social order produced a nearly uniform contact to M. Leprae
by the entire population (29). The Karimui region is located on the
southern slopes of the central New Guinea Highlands. The Karimui is
an isolated, endemic leprosy population which does not live in family
units but rather in dynamic communal units; for example, husbands
and wives do not cohabitate (30). The mother is the major contact in-
dividual for infants and children during the critical time of infection
(29). Food and other social economic parameters are uniformly distrib-
uted throughout this society.

Polygyny is common. Many half siblings are available for analysis.
The Karimui kindreds were examined in the following manner: each

resident was examined for leprosy lesions and their place within a nuclear
family was defined. Nuclear families were assessed and large kindreds
were constructed through direct interrogation of all residents (by Dr.
Shields and Nara of Sogo-l). The data were coded and transformed into
a SAS (31) computer data set.

In subsequent patrols pregnancy outcomes were noted and the kindred
data were verified both by reinterrogation of the same individuals and
through the interview of kindred members residing in outlying villages.
Discrepancies in the data were corrected with the aid of village leaders
and local genealogists. The process of constructing large, multigenera-
tional kindreds from the nuclear families occurred during four annual
leprosy patrols.

Accurate genealogical information is very important to the stability
of the Karimui society. This accuracy is typified by the central cultural
role of inbreeding taboos, bride selection and price, and "pagabidi" fees
(a fee paid for each child by the father to the mother's brothers) (30).

Because of the variable age of onset of leprosy, 1972 was chosen as
the last birth year for all analyses. Two advantages of this early cutoff
are the mollification of the treatment effect, which began in 1968, and
of Western influence which has recently started to emanate from the
Karimui airstrip.

Segregation analysis was performed on a single multigenerational
kindred composed of 89 individuals, 19 of which were affected. The
analysis was done according to the methods of Elston and co-workers
(32-34). The following hypotheses were tested: (a) the simple Mendelian
hypothesis and (b) an environmental hypothesis assuming no transmission
between generations. All hypotheses were tested by the likelihood ratio
criterion.

Results

The original sample consisted of 269 leprosy kindreds and 552
probands (prevalence in 1962 = 301 of 5,063 = 6% [35]). Of
these kindreds 31 had first, second, or both degree relatives af-

fected by history (for example, a dead parent) and thus could
not be classified as to their familial nature. These kindreds were
deleted from the analysis leaving 238 leprosy kindreds. The fol-
lowing analyses were done on individuals examined since 1963
and thus, under total ascertainment.

A count of the probands in each pedigree identified an ap-
parent dichotomy in the distribution of affected individuals. 22%
(52 of 238) of the pedigrees contained 58% (301 of 521) of the
affected individuals. The pedigrees were thus divided into two
groups: familial (greater than one proband in the first two-degree
relatives) and nonfamilial (one proband in the first two-degree
relatives). Within the familial group leprosy was frequently ob-
served to pass vertically through multiple generations (79 of 89
= 89%). 92% (343 of372) ofthe affected individuals from familial
kindreds had direct descent of leprosy from a single ancestral
affected sibship. Frequently a generation was skipped. Only 11%
of the familial kindreds were horizontally affected.

Ofthe 29 affected individuals from high at risk sibships (off-
spring of parents both of which were either affected, from high-
risk kindreds or both), nine had parents both of which were
from highly familial (multiplex) kindreds. The risk in the sibships
of these nine affected individuals was an extraordinary 64% (9
of 14-Table I). The following was observed among the three
spouse pairs that produced these extraordinary high-risk sibships:
in one pair neither was affected, the second pair had a husband
with TT leprosy, and one pair was conjugally affected. The risk
among the remaining 20 affected individuals who had bilateral
risk decreased directly (52%, 32%) with their parental risk.

Although most of the first 10 yr of life are spent with the
mother, affected Karimui mothers did not have a greater risk
ofhaving offspring with leprosy (33 of 188 18%) than did affected
fathers (37 of 165, 22%-X2 = 1.31). Ofthe 24 conjugal affected
parents, 18.6% (8 of 43) of their offspring (> 10 yr old) were
affected and all eight of the affected offspring (8 of 11, 73%)
came from two familial (and multibacillary) kindreds. Five of
the six affected parents in the above two kindreds (two conjugal
pairs were observed in the same kindred) had near ascendants

Table I. Leprosy Risk Decreased Directly with
Parental Genetic Risk in Familial Kindreds

Ofspring (n)
Percent

Parents Affected Normal Total affected

Kindred parents (at risk-
proband or not)

Very high risk* 9 5 14 64
High riskt 11 10 21 52
Moderate riski 9 19 28 32

Probands 70 283 353 20

xI = 3.94; P = 0.047 (very high risk vs. moderate risk).
x2 = 24.89; P = 0.001 (very high and moderate risk vs. probands).
* Both parents from highly familial kindreds (one, neither parent af-
fected; one, conjugal affected; one, single spouse affected).
* Both parents either affected or have an affected first-degree relative
(one, neither parent affected; two, conjugal affected-same kindred;
three, single spouse affected).
I One parent affected or from a familial kindred or has an affected half
sib, second parent has an affected third-degree relative (six, neither
parent affected; one, spouse affected).
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affected, whereas there was insufficient data on the sixth parent.
The offspring of this last pair (five affected, none normal) were
classified in the "high-risk" category in Table I.

The entire spectrum of leprosy defects were manifest within
single familial kindreds. Multibacillary and paucibacillary af-
fected individuals had unequal risks for affected offspring (X2
= 5.74; 0.025 > P > 0.01). However, this risk variance disap-
peared in combined multibacillary and combined paucibacillary
cases (Table II), when indeterminate groupings were subtracted
(X2 = 2.95). The risk for multibacillary offspring was evenly dis-
tributed between the various leprosy types except for polar lep-
romatous and indeterminate forms; e.g., risk is for leprosy per
se. Within multibacillary kindreds only 7% (10 of 134) of the
affected individuals were multibacillary, which is equal to the
proportion of multibacillary cases in the overall leprosy popu-
lation. To relieve the bias ofidentifying a multibacillary kindred
(kindred with at least one multibacillary member) through a
multibacillary individual, index multibacillary cases (the first
ascertained multibacillary case in a kindred) were deleted for
this calculation.

During the nearly 6-yr period in which data were obtained
and treatment was not available, 16% (63 of405) ofthe affected
individuals spontaneously healed. A comparison of the propor-
tion of healed cases in familial (38 of 271) vs. nonfamilial
kindreds (25 of 134) showed no significant difference (X2 = 1.47).
94% (17 of 18) of BB individuals were in familial kindreds and
a significant proportion of these (13 of 20, X2 = 3.95; P < 0.05)
were in multibacillary kindreds. For these analyses BB was con-
sidered as multibacillary. The mean age of onset among the 216
familial and 97 nonfamilial probands who developed leprosy
after the first leprosy patrol was 18 and 20 yr, respectively. A
comparison of a square root transformation of the age of onset
between the two groups showed a significant difference between
the means (P = 0.036). Both familial index cases (15 affected,
99 normal) and their affected half siblings (15 affected, 95 nor-
mal) had equal risk for further affected siblings (X2 = 0.01 for

Table II. Risk in the Offspring ofProbandsfrom
Familial Kindreds by Parental Leprosy Type

Offspring
Percent

Parental leprosy type Affected Normal Total affected

Multibacillary
LL 4 7 11 36
BL 11 16 27 41
BB 0 7 7 0

Total 15 30 45 33

Paucibacillary
BT 21 79 100 21
BT/TT 5 12 17 22
TT 20 69 89 22
IND/TT 0 9 9 0

Total 46 169 215 21

IND 9 81 90 10

Grand total 70 280 350 20

the analysis one affected individual was deleted per sibship).
There were 23 cases ofaffected fathers and sons. Table II indicates
that although the clinical spectrum corresponds to the continuous
gradation ofT lymphocyte performance (3), if one excludes in-
determinate forms, the severity spectrum does not directly cor-
relate with risk.

The segregation analysis of one multigenerational kindred
tested each the Mendelian dominant, recessive, and codominant
hypotheses against the unrestricted model. None of the genetic
hypotheses could be rejected when tested (P > 0.05). The en-
vironmental null hypothesis was also tested and could not be
rejected (P > 0.05). In fact, the resulting likelihoods for the var-
ious hypotheses were approximately equal.

Discussion

The finding that within the Karimui, wives had no greater risk
than husbands of having affected children, along with corrob-
orating epidemiologic data; e.g., M. leprae may remain viable
for weeks (36-38) and casual contact is sufficient for sensitization
(39-41), and the unique social factors within the study area,
suggest that environmental factors are uniformly distributed.
Social biological interplay factors such as individual response to
stress (42) was not directly controlled for in this study.

The highly uniform environment within the Karimui, as-
sociated with the fluidity of the family organization, provides
an opportunity to address the question whether a single gene
has a major effect on the susceptibility to an infectious disease
in humans. The finding ofa dichotomous distribution ofkindred
types (familial and nonfamilial) suggests pathogenic heteroge-
neity within the Karimui leprosy kindreds. Ofthe 238 kindreds,
149 (63%) were nonfamilial, that is, a single affected individual
within the pedigree. Purely environmentally induced cases plus
chance isolated cases likely compose this nonfamilial group of
kindreds. Chance isolated cases are potentially familial cases,
which have a single affected individual by chance along or be-
cause ofthe late age ofonset in the disease. The familial kindreds
appear to have an underlying susceptibility. The remaining Kar-
imui kindreds are leprosy free.1

The risk for contracting leprosy per se was relatively unper-
turbed by either the infectivity or the severity of the disease in

the parent. The data from parents, both of whom had a family
history of leprosy, corroborated the above finding in affected
mothers that the leprosy status of the parent was not the prime
determining factor of risk. Risk was determined by whether or
not the parent came from a familial kindred. When both parents
came from highly familial kindreds, the risk for leprosy in their
offspring was 64% (Table I). This risk was similar to the con-
cordance rate for leprosy in monozygous twins (43). The risk
decreased to 52% and 32% as the number of leprosy cases in the
family decreased and as other affected kindred members were
more distant relatives.

Leprosy is an infectious and apparently familial disease. The
basic social unit within the Karimui is not the family but the
community, and thus the spread ofan infectious disease would
be expected to be communal and not familial. Within the Kar-
imui the majority of common familial environmental effects

1. Shields, E. D., and D. A. Russell. Leprosy in the Karimui, New Guinea:
observations on the inherent individual variation in its susceptibility.
Manuscript in preparation.
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can be excluded. The observed familial nature of leprosy in the
Karimui regardless ofthe living situation ofthat family suggests
that genetic susceptibility factors are implicated in the patho-
genesis of the disease.

A paradigm may be developed from the above structural
findings in which a single megaphenic leprosy susceptibility factor
may segregate through a proportion of the Karimui kindreds.
This putative factor would predispose the carrier to leprosy per
se. That the susceptibility factor predisposes the carrier to leprosy
infection and not a specific leprosy type is compatible with the
finding of discordance for leprosy type in concordant monozy-
gous twins (43). The twin data are indeed striking because most
leprosy is classified as paucibacillary (the twin data remain pre-
liminary owing to its small sample size and the need to fully
document zygosity). Our data are also in accord with the observed
genetics of nonimmunologically induced resistance-suscepti-
bility to Mycobacterium bovis in inbred mice (44), although the
susceptibility allele is Mendelian recessive in the mouse.

The segregation analysis tested the hypothesis that a major
gene for the susceptibility to leprosy was segregating in one large
multigenerational pedigree. The results ofthe segregation analysis
indicated that there was not enough information available in
the pedigree to allow discrimination between the competing hy-
potheses.

Van Eden et al. (19) emphasized the finding that HLA-linked
genes, likely immune response (Ir) or immune suppression (Is)
genes, appear to have a role in determining where the postinfected
individual lies on the clinical disease spectrum. Furthermore,
these authors found no evidence that HLA-linked alleles function
in the susceptibility to leprosy per se.

The putative susceptibility locus, as hypothesized in this
study, would be one gene (not HLA associated or linked) in the
multifactorial pathogenesis of leprosy. This susceptibility gene
would set the stage for infection allowing HLA haplotypes, fur-
ther environmental factors or both, to precipitate a specific lep-
rosy type. It must be reemphasized that within the Karimui
most sporadic and some familial cases may be purely environ-
mentally induced.

A genetic hypothesis for a role in the pathogenesis of the
natural susceptibility to leprosy in a segment ofthe leprosy pop-
ulation may arguably be considered as a genetic world view. An
alternate environmental hypothesis can be invoked for any ob-
served human variation whereas a genetic hypothesis is a natural
hypothesis given known genetic factors in the nonimmunologic
resistance and susceptibility to intracellular parasites.
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