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As part of a genetic epidemiologic study of lung cancer among nonsmokers, we
investigated the role of genetic predisposition in familial aggregation. Cases were
identified from the Metropolitan Detroit Cancer Surveillance System. Informa-
tion on lung cancer occurrence, smoking habits (active or passive), and chronic
respiratory diseases in first-degree relatives was obtained for 257 nonsmoking
lung cancer probands (71 males, 186 females) diagnosed at ages 40–84 years.
Among the 2,021 first-degree relatives, 24 (2.6%) males and 10 (1.1%) females
were reported as having lung cancer. The occurrence of lung cancer among smok-
ing and nonsmoking relatives was 4.5% and 1.1% in males and 2.8% and 0.4%
in females, respectively. To evaluate the role of a putative Mendelian gene (one
locus, two alleles) in the presence of other risk factors, we performed complex
segregation analyses on the data using two different regressive model approaches
[Segregation Analysis of a Discrete Trait Under a Class A Regressive Logistic
Model, V4.0 (REGD) and Segregation Analysis of a Truncated Trait, V2.0, Model
I (REGTL)] as implemented in the Statistical Analysis for Genetic Epidemiol-
ogy (SAGE) program. Using either approach, an environmental model best ex-
plained the observed lung cancer aggregation in families ascertained through
nonsmoking probands. Based on our final model, only 0.04% of this population
had a very high risk and 4.2% had a moderate risk of lung cancer. The rest of the
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population had virtually no risk of lung cancer during their lifetime unless they
have multiple risk factors. Among the high-risk individuals without any risk fac-
tor under study, the estimated risks at ages 40, 60, and 80 years in males were
16.7%, 83.6%, and 95.4%, and in females were 14.0%, 72.2%, and 88.0%, re-
spectively. Among at-moderate-risk smokers the estimated risks at the same age
and gender groups were essentially the same as in the high-risk nonsmokers.
Our results suggest that the pattern of lung cancer occurrence in families of non-
smoking lung cancer patients differs from that in families of smoking lung can-
cer patients. Despite the profound effect of smoking on the risk of lung cancer,
other environmental and/or genetic risk factors need to be identified. Genet.
Epidemiol. 14:181–197, 1997. © 1997 Wiley-Liss, Inc.
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INTRODUCTION

Lung cancer has long been deemed an environmentally caused disease with
tobacco smoking as the major cause [Levin et al., 1950; Doll and Hill, 1952]. The
risk for smokers has been estimated to be more than double in females and over 8
times in males with a strong dose-response relationship [Kahn, 1966; Hammond,
1972; Doll and Peto, 1978]. Not only smokers themselves, but also passive smokers
are at a 30–70% increased risk of developing lung cancer [Blot and Fraumeni, 1986;
Saracci and Riboli, 1989; Fontham et al., 1991; Brownson et al., 1992; U.S. Envi-
ronmental Protection Agency, 1992]. Other recognized environmental risk factors
include air pollution and occupational exposures to asbestos, radon, mustard gas,
polycyclic hydrocarbons, chloromethyl ethers, chromium, and inorganic arsenic
[Hammond et al., 1979; Fraumeni and Blot, 1982; Swanson, 1988]. Both smokers
and nonsmokers with other chronic lung diseases have also been shown to have an
increased lung cancer risk [Osann, 1991; Samet et al., 1986; Schwartz et al., 1996;
Wu et al., 1988, 1995]. Estimated risk associated with chronic bronchitis, emphy-
sema, or both is approximately 2-fold [Kuller et al., 1990; Nomura et al., 1991;
Skillrud et al., 1986; Tockman et al., 1987; Islam and Schottenfeld, 1994], and the
risk associated with impaired lung function has been shown to increase linearly with
decreasing forced expiratory volume in 1 sec (FEV1) [Kuller et al., 1990; Islam and
Schottenfeld, 1994].

Although tobacco exposure accounts for over 80% of the lung cancer incidence,
familial aggregation of this disease has been reported in several studies, all of which
indicated an underlying genetic susceptibility [Amos et al., 1992; Lynch et al., 1986;
Mack et al., 1990; McDuffie, 1991; Osann, 1991; Ooi et al., 1986; Shaw et al., 1991;
Tokuhata and Lilienfeld, 1963; Wu et al., 1988]. The only population study provid-
ing strong evidence of Mendelian inheritance in lung cancer was that of Sellers et al.
[1990, 1992a]. After adjusting for age, sex, smoking history, and occupational expo-
sures for each relative, a 2.4-fold excess of lung cancer was reported among rela-
tives of lung cancer cases compared to the relatives of spouse controls [Ooi et al.,
1986]. The pattern of lung cancer occurrence in these families was consistent with
Mendelian codominant inheritance for early age-at-onset of a rare autosomal gene
[Sellers et al., 1990, 1992a].

We investigated the role of a putative Mendelian genetic factor and, simulta-
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neously, the effects of cigarette smoking, passive smoking, and chronic lung dis-
eases in lung cancer risk among relatives of nonsmoking probands. This study is part
of a population-based study of lung cancer in Metropolitan Detroit [Illis et al., 1987;
Schwartz et al., 1996; Swanson et al., 1985].

METHODS
Case Identification

Population-based cases were identified from the Metropolitan Detroit Cancer
Surveillance System (MDCSS), a participant in the National Cancer Institute’s Sur-
veillance, Epidemiology, and End Results (SEER) program [Ries et al., 1994]. De-
tailed information on lung cancer occurrence, smoking habits (active or passive,
cigarettes or other type), and history of other lung diseases in first-degree relatives
was obtained for 257 nonsmoking probands (71 males, 186 females) with lung can-
cer diagnosed between ages 40 and 84 years. Eligible cases were newly diagnosed,
nonsmoking, African American, and Caucasian lung cancer cases who were identi-
fied retrospectively after their participation in the Occupational Cancer Incidence
Surveillance Study (OCISS) [Illis et al., 1987; Swanson et al., 1985]. OCISS was
developed to monitor occupational cancer occurrence among residents of metropoli-
tan Detroit, functioning in conjunction with the MDCSS. OCISS subjects were iden-
tified with cancers of the lung, colon, rectum, urinary bladder, esophagus, eye, liver,
salivary gland, stomach, or mesothelioma. For the present study, 401 (14.8%) lung
cancers diagnosed among noncigarette smokers from November 1, 1984, through
June 30, 1987, were eligible for inclusion from the 5,953 completed OCISS inter-
views (93.6% of the 6,359 lung cancer cases identified).

Data Collection

These cases or their proxies reported in the OCISS that they did not smoke
cigarettes at any time in their lives. Smoking status was verified in this study. Addi-
tional contacts within the family were made if any discrepancies in the reports of
smoking status occurred. Eight cases were excluded because of uncertainties in smok-
ing status. For analysis, we further restricted the sample by excluding cigar and pipe
smokers, leaving 314 eligible cases. Interviews, designed for the current study and
conducted by telephone, were completed for 257 (81.9%) of the eligible cases.
Probands or proxies for interview could not be located for 11.5% of the cases and
6.7% refused to participate. Due to the retrospective nature of case identification and
the high case fatality associated with lung cancer, 83% of the case family interviews
had to be conducted with proxies. Approximately 84% of the proxies completing
interviews for cases were either spouses, siblings, offspring, or parents. For 24% of
the case subjects, more than one individual was interviewed to obtain complete in-
formation.

The telephone interview included questions about health history, smoking his-
tory, environmental tobacco smoke exposure, and occupational history. Family his-
tory included questions about the age, sex, race, birth year, residence, health history,
cancer status, vital status, age at death, place of death, cause of death, smoking his-
tory, environmental tobacco smoke exposure history, and usual occupation and in-
dustry for each first-degree relative (parents, siblings, children) and spouse of the
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cases. For those relatives with cancer and for those relatives who had died, addi-
tional questions were asked pertaining to when and where these events occurred.
Questionnaire data for 2,219 family members (2,021 first-degree relatives and 198
spouses) of nonsmoking cases were included for analysis.

Analysis

To evaluate the role of a possible Mendelian diallelic gene, the effects of to-
bacco exposure and other chronic lung diseases, we performed complex segregation
analyses on the data using two different approaches: REGD (Segregation Analysis of
a Discrete Trait Under a Class A Regressive Logistic Model, V4.0) and REGTL
(Segregation Analysis of a Truncated Trait, V2.0, Model I) implemented in the Sta-
tistical Analysis for Genetic Epidemiology (SAGE) [1991] program. REGD incorpo-
rates unobserved “type” effects (e.g., genotypes) into the logistic regression, i.e.,

θ β ξi i i j
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where θ is the log-odds of the probability of individual i having lung cancer (Yi), βj

is the specific “type” with a frequency of q, such as βaa, βab, or βbb in the case of a
Mendelian diallelic gene, and the ξk are v additional parameters to estimate such as
tobacco use and previous chronic pulmonary diseases. Eq. (1) implies that the pen-
etrance, which is the probability of having lung cancer for a given genotype and
specified risk factor(s), can be calculated as

P(Yi= 1 | βj) = exp(θi)/[1 + exp(θi)].  (2)

To account for the probability of affection in the general population, the probability
of having lung cancer for each individual in a given age stratum and sex (based on
SEER data), pi, was included in all models as a fixed covariate shown in Eq. (3).
This method of age adjustment is free of assumptions regarding observed age-of-
onset distribution and has been shown to be as robust as the variance component
approach by unified mixed models [Lustbader et al., 1992; Lalouel and Morton, 1981]:
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Under the assumption of Mendelian inheritance, the transmission probabilities
(τaa, τab, τbb), which are the probabilities of a parent transmitting the high-risk allele a
to a child, are defined as 1, 0.5, and 0, respectively. To specifically test the hypoth-
esis of Mendelian transmission, two environmental models were included: one as-
sumes homogeneous risk among all family members (no transmission or τ = q) and
the other allows differential risks between founders (individuals without parents or
married-in in the pedigree) and nonfounders (τaa = τab = τbb), and can detect an un-
measured etiologic factor (indicated by the parameters q and type-specific βj).

REGTL (Model I) models the putative predisposition as having a type-depen-
dent age-of-onset distribution and a susceptibility parameter (lifetime risk of being
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affected) common to all types. Under the dominant model, individuals of types aa
and ab, who carry the susceptibility allele a, have the same age-specific probabilities
of cancer onset. Individuals with genotype bb, who do not carry the susceptibility
allele, have relatively smaller age-specific probabilities of lung cancer because of a
shift of the age-of-onset distribution such that they have an older mean age-of-onset.
Under a recessive model, only individuals of type aa have an earlier mean age of
onset, the age-of-onset distribution being the same for ab and bb individuals. Under
a model with no dominance effects (codominant model), the three types of individu-
als have separate mean ages of onset.

Before we modeled major genetic effects, the following covariates were incor-
porated into the baseline or sporadic model, which is equivalent to an unconditional
multivariate logistic regression model [SAS Institute, Inc., 1990]: age at diagnosis/
interview (as a continuous variable); race (dichotomized as African American or Cau-
casian); sex; education (dichotomized as less than high school graduate and high
school graduate or more); personal history at least 1 year before diagnosis/interview
of allergies, pneumonia, tuberculosis (TB), chronic obstructive pulmonary disease
(COPD that includes emphysema and/or chronic bronchitis), and asthma; exposure
to environmental tobacco smoke at home and/or at work; usual occupation and usual
industry. Occupation and industry were coded using 1980 U.S. Bureau of Census
[1981] classification codes and grouped into 84 occupations and 90 industries. Odds
ratio (OR) estimates of relative risk were calculated from the regression coefficients
the same way as in conventional logistic models [Schlesselman, 1982].

After the initial modeling of all potential lung cancer risk factors which were
collected in the interview, only 5 were retained in the subsequent regressive logistic
analysis (see Table V): smoking, passive smoking at work and/or at home, allergy,
TB, and COPD. Although passive smoking and TB were of borderline significance
in the sporadic model, they were statistically significant in our earlier case-control
analysis [Schwartz et al., 1996] and their effects were much greater (for passive
smoking) or became statistically significant (for TB) in the genetic and/or environ-
mental models (see Table V).

Hypothesis Testing

Both REGD and REGTL models have been enhanced to allow for, in addition
to the transmission of a major gene, multifactorial transmission from one generation
to the next [Bonney, 1986; Elston and George, 1989]. For each model fitted, the
likelihood was maximized over all unknown parameters, including the regressive
coefficients. The likelihood of the data under the above models was conditioned on
the likelihood of the phenotype of the proband (assuming one proband per family) to
allow for the ascertainment of families via probands [Cannings and Thompson, 1977].

We tested a series of competing models including a sporadic model, Mendelian
models (including dominant, recessive, and codominant), and environmental models
(including measured and unmeasured risk factors). The natural logarithm (loge) of
likelihood (Ln L) of a baseline model was calculated and compared with the hypoth-
esis-bearing models specified above with one or more pertinent parameters restricted.
To test a hypothesis about a specific mode of inheritance, the likelihood ratio test
(LRT) statistic
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LRT = –2(ln Lbaseline – Ln Lspecific)  (4)

was used, where “specific” indicates the model for a specified hypothesis. The sam-
pling distribution of this statistic is well approximated by a chi-square with n-k de-
grees of freedom where n and k equal the number of parameters estimated in the
baseline model and the specified model, respectively. An alternative LRT method in
determining the best model is to compare the ln Lspecified to the ln Lunrestricted in which
all parameters are adjusted to provide a general unrestricted model. When more than
one model was rejected against the baseline model as in Eq. (4), or was not rejected
against the unrestricted model by this alternative LRT, the one with the lowest Akaike
information criteria (AIC), where

AIC = –2[log(L) + 2k]

was considered the best model [Akaike, 1974].

RESULTS

In a total of 2,219 family members of 257 nonsmoking lung cancer probands,
198 were spouses. Among the 2,021 first-degree relatives, 24 males (18 cigarette
smokers, 6 nonsmokers) and 10 females (6 smokers, 3 nonsmokers, 1 unknown smok-
ing status) were reported as having lung cancer. Four male spouses were also re-
ported to have lung cancer. The frequencies of the reported lung cancer occurrence
in specific relative groups, which have been described in Schwartz et al. [1996],
were 2.1, 2.0, and 1.0 for parents, siblings, and offspring, respectively. Table I sum-
marizes the observed lung cancer frequency in first-degree relatives by 10-year age
groups. The male-to-female ratio of 2.4:1 among these relatives is consistent with
the population average of 2.5:1 for lung cancer [Schottenfeld, 1996], albeit coun-
tered by the 1:2.6 ratio in the probands. Smoking history and mean age at diagnosis
of the probands and their affected relatives are shown in Table II. For the probands,
who were all nonsmokers by study design, there was no significant difference in

TABLE I. Age-of-Onset Distribution of Lung Cancer Reported in First-Degree Relatives of 257
Nonsmoking Probands*

Frequency of lung cancer

Male relatives Females relatives

Age group No. of No. with No. of No. with
(years) relatives lung cancer % relatives lung cancer %

30–39 87 1 1.1 80 0 —
40–49 129 1 0.8 126 0 —
50–59 178 6 3.4 123 4 3.3
60–69 178 7 3.9 168 2 1.2
70–79 162 5 3.1 164 1 0.6
≥80 115 3 2.6 158 1 0.6
Unknown 87 1 1.1 86 2 2.3

Total 936 24 2.6 905 10 1.1

*Only relatives 80 years of age are included in this table.
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mean age at diagnosis between passive and nonsmokers or between male and female
patients. Whereas the same was true for affected male relatives, we observed a strik-
ing difference in mean age of onset between female smoking and nonsmoking lung
cancer relatives, i.e., 55 and 88 years, respectively (P < 0.001). The small number of
affected nonsmoking relatives warrants the cautious interpretation of these results.

The distributions of risk factors under evaluation in this study, i.e., history of
active or passive tobacco smoke exposure and chronic lung diseases including al-
lergy, TB, emphysema, and chronic bronchitis, are presented in Tables III and IV.
Affected relatives were 2–3 times more likely to smoke than unaffected relatives
(Table III), i.e., 75% vs. 44% in males and 67% vs. 23% in females, respectively. At-
home exposure to tobacco smoke was comparable between males and females, and
between affected and unaffected relatives (from 42% to 50% as shown in Table III).
A higher percentage (74%) of affected male relatives had at-work exposure than did
unaffected male relatives (49%). In Table IV, one can clearly see that more affected
relatives had a history of various chronic lung diseases than did unaffected relatives,
especially for chronic bronchitis and emphysema.

To account for the above-mentioned risk factors in our search for a putative
Mendelian genetic mechanism in lung cancer families, we applied regressive logistic
models to perform complex segregation analysis using two different approaches,
REGD and REGTL. Using either approach, an environmental model with homoge-
neous risk across generations best explained the observed data. Two competing hy-
potheses were rejected by both LRT and AIC information criteria: 1) the occurrence
of lung cancer among first-degree relatives is sporadic; and 2) there is a genetic
predisposition (i.e., Mendelian recessive, dominant, or codominant locus) account-
ing for the familial aggregation. Based on the REGD results (Table V), by both LRT
and AIC, the best model was an environmental model, in which the risk type was
identically distributed among all individuals and the chance of being a high-risk child
was independent of the parent’s risk type (Table V, model 6). From this model, which
is based on family members of nonsmoking probands, a very small subgroup of this
population (4/10,000) was predicted to be at a very high risk of developing lung
cancer determined by an unmeasured, yet not a simple Mendelian genetic factor.

TABLE II. Mean Age-of-Diagnosis for Lung Cancer in Probands and Relatives by History of
Tobacco Exposure

Mean age ± standard deviations (years)

257 probands 34 relatives

Male Female Male Female
Tobacco exposure (N = 71) (N = 186) (N = 24) (N = 10)

Cigarette smoking
Yes NAa NA 64.7 ± 13.2 55.3 ± 6.2*
No 67.5 ± 10.0 69.8 ± 9.8 59.0 ± 14.2 87.7 ± 12.3*

Passive smokingb

Yes 66.7 ± 10.4 69.5 ± 9.6 61.9 ± 10.3 64.3 ± 15.2
No 70.1 ± 8.4 70.8 ± 10.9 73.0 ± 8.5 69.7 ± 25.5

aNA = not applicable.
bYes = passive smoking either at work or at home; no = neither.
* P < 0.001 by a two-tailed t-test of the difference between these two means.
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Another 4.2% of the population was estimated to be at a moderate risk of lung can-
cer, and the rest of the population had virtually no risk of lung cancer during their
lifetime (group 5) unless, as shown in the last row of Table VI, they have multiple
risk factors. Table VI also highlights the risks of lung cancer between individuals in
different risk groups and between individuals with various risk factors. Among high-
risk nonsmokers (group 1), the estimated risks at age 40, 60, and 80 years in males
were estimated to be 16.7%, 83.6%, and 95.4%, and in females were 14.0%, 72.2%,
and 88.0%, respectively. Although the moderate-risk nonsmokers (group 2) had a
very low baseline risk at these age and gender groups, their age- and gender-specific
risks are equivalent to those of high-risk nonsmokers if they were either smokers
(group 3) or they had a history of COPD and were exposed to environmental to-
bacco smoke (group 4).

Figure 1a,b illustrates the best model (from REGD) for females and males re-
spectively. For normal nonsmoking individuals who were in the moderate-risk group,
the age-specific risk of lung cancer is minimal until late in life, 11% for males and
4% for females at age 80 years. The same gender-specific lung cancer risks would
be observed at the age of 40 years if those nonsmokers had a history of TB and
would be observed at the age of 35 years if among smokers. Obviously, the risks
were tremendously increased for all ages in smokers who had a history of TB. Al-

TABLE III. Distribution of Cigarette Smoking Exposures in Relatives of 257
Nonsmoking Probands

No. (%) of relativesa without No. (%) of relatives with

Tobacco lung cancer lung cancer

exposure Male Female All Male Female All

Cigarette smoking
Yes 404 (43.6) 216 (22.9) 620 (33.2) 18 (75.0)* 6 (66.7)** 24 (85.7)
No 522 (56.4) 726 (77.1) 1,248 (66.8) 6 (25.0) 3 (33.3) 4 (14.3)
Unknownb 80 39 119 0 1 1

Passive tobacco exposure
Passive smoking at

work
Yes 377 (49.0) 196 (23.4) 573 (35.6) 14 (73.7)*** 2 (22.2) 16 (57.1)
No 393 (51.0) 643 (76.6) 1,036 (64.4) 5 (26.3) 7 (77.8) 12 (42.9)

Unknown 236 142 378 5 1 6
Passive smoking at

home
Yes 379 (43.0) 490 (55.3) 869 (49.2) 13 (56.5) 4 (50.0) 17 (54.8)
No 502 (57.0) 396 (44.7) 898 (50.8) 10 (43.5) 4 (50.0) 14 (45.2)

Unknown 125 95 220 1 2 3
At work or at home

Either 560 (69.8) 544 (64.0) 1,104 (66.8) 19 (90.5) 6 (60.0) 25 (83.3)
Neither 242 (30.2) 306 (36.0) 548 (33.2) 2 (9.5) 3 (40.0) 5 (16.6)

Unknown 204 131 335 3 1 4
Total 1,006 1,029 1,987 24 10 34

aFour relatives with sex unknown were excluded from this table.
bUnknowns were not included in percentage calculations for each risk factor.
* P < 0.001 when compared to the relatives without lung cancer.
** P < 0.005 when compared to the relatives without lung cancer.
*** P < 0.05 when compared to the relatives without lung cancer.
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though TB was a significant risk factor in the final model, its rarity as a disease calls
for careful parameter interpretation.

REGTL results were consistent with the REGD results in rejecting all of the
Mendelian inheritance models but differed from REGD results in the estimated ef-
fects of other chronic lung diseases. The effect of TB on lung cancer risk was not
significant in any of the models, while allergy and COPD were significant risk fac-
tors using the REGTL approach. The best fit model (by both LRT and AIC) was also
environmental and indicated an unmeasured risk factor which could be conferred
from parent to offspring generations (τaa = τab = τbb = 0.41 ± 0.11) yet independent of
the parental risk type: high, moderate, or low risk.

DISCUSSION

This study was carried out to investigate causes of lung cancer in addition to
tobacco smoking by focusing on familial aggregation in nonsmoking lung cancer
probands. This unique study design not only enabled us to identify risk factors other
than smoking among family members of nonsmokers [Schwartz et al., 1996], it also

TABLE IV. Distribution of Chronic Lung Diseases in Relatives of 257 Nonsmoking Probands

No. (%) of relativesa without No. (%) of relatives with

Chronic lung lung cancer lung cancer

diseases Male Female All Male Female All

Allergy
Yes 26 (2.9) 23 (2.6) 49 (2.8) 3 (12.5) 0 (0) 3 (9.4)
No 872 (97.1) 854 (97.4) 1,726 (97.2) 21 (87.5) 8 (100) 29 (90.6)
Unknownb 108 106 214 0 2 2

Chronic bronchitis
Yes 24 (2.7) 23 (2.6) 47 (2.6) 5 (16.7)* 1 (12.5) 5 (15.6)
No 873 (97.3) 855 (97.4) 1,728 (97.4) 20 (83.3) 7 (87.5) 27 (84.4)
Unknown 109 103 212 0 2 2

Emphysema
Yes 24 (2.7) 11 (1.2) 54 (2.7) 3 (12.5)** 1 (12.5) 4 (12.5)
No 874 (97.3) 875 (98.8) 1,949 (97.3) 21 (87.5) 7 (87.5) 28 (87.5)
Unknown 108 95 209 0 2 2

Unspecified obstructive
diseasec

Yes 5 (0.6) 6 (0.7) 11 (0.6) 0 (0) 0 (0) 0 (0)
No 891 (99.4) 883 (99.3) 1,774 (99.4) 24 (100) 8 (100) 32 (100)
Unknown 110 92 202 0 2 2

TB
Yes 14 (1.6) 7 (0.8) 21 (1.2) 1 (4.3) 1 (12.5) 2 (6.5)
No 888 (98.4) 879 (99.2) 1,767 (98.8) 22 (95.7) 7 (87.5) 29 (93.5)
Unknown 104 95 199 1 2 3
Total 1,006 981 1,987 24 10 34

aFour relatives with sex unknown were excluded from this table.
bUnknowns were not included in percentage calculations for each risk factor.
cCOPD was a nonspecific group which could be either or both chronic bronchitis and emphysema. Individu-
als with a specific diagnosis of chronic bronchitis or emphysema were not counted in this group.
* P < 0.001 when compared to the relatives without lung cancer.
** P < 0.05 when compared to the relatives without lung cancer.
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TABLE V. Complex Segregation Analysis of 257 Families With a Nonsmoking Proband (REGD)

εPassive Chi-
Model qa τa βaa βab βbb εSmoking smoking εTB εAllergy εCOPD

b –2lnL AIC dfc square P

1) Sporadic NAd NA –2.51 =e = 1.38 0.88 1.58 1.43 1.10 300.86 312.86 —f

2) Recessive 0.02 Mg 4.20 –3.77 = 1.70 1.59 1.84 0.86 1.37 283.83 299.83 2 17.03 0.0002
=

3) Dominant 0.00 M 2.19 = –4.13 1.58 2.03 1.79 1.54 1.33 291.38 307.38 2 9.48 0.0083
=

4) Codominant 0.02 M 1.73 –1.60 –4.93 1.69 1.31 1.57 1.60 1.42 291.99 307.99 2 8.87 0.0119

5) Environmental 0.02 0.02 4.85 –0.23 –13.02 5.23 2.38 3.98 1.87 5.13 270.98 290.98 4 29.88 <0.0001
(τs equal) (P > 0.08)i

6) Environmental 0.02 = 4.93 –0.20 –12.91 5.17 2.34 3.98 1.87 5.11 270.99h 288.99h 3 29.87 <0.0001
(no τ ) (P > 0.18)i

7) General 0.02 ARBj –129.62 –60.86 –249.23 137.59 64.10 3.92 1.61 47.56 266.09 290.09 6 34.77 <0.0001
unrestricted

aτ = Transmission probability.
bChronic obstructive lung diseases including chronic bronchitis, emphysema, or both.
cdf = degrees of freedom.
dNA, not applicable for the given model.
eThe parameter is set to the same value of the one on the left.
fUsed as baseline model.
gM = Mendelian transmission probabilities: τaa = 1.0, τab = 0.5; τbb = 0.
hBest model according to Akaike’s criteria and the LRT.
iP value by the alternative LRT where the general unrestricted model was used as the baseline.
jARB = arbitrary transmission probabilities: τaa = 0.67, τab = 0.00; τbb = 0.02.
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engendered the opportunity, for the first time in the literature, to test for a single
Mendelian genetic component while simultaneously accounting for known risk fac-
tors in lung cancer etiology among families of nonsmoking lung cancer cases. There
have been two population-based studies of lung cancer among female nonsmokers
[Alavanja et al., 1992; Wu et al., 1995]. The focus of Alavanja et al. [1992] was on
the comparison of preexisting lung disease between lung cancer patients and con-
trols. The lack of detailed family information in the study by Wu et al. [1995] pre-
cluded any genetic analysis.

Several studies of familial aggregation of primarily smoking lung cancer probands
have been reported and all indicated an underlying genetic susceptibility [Amos et
al., 1992; Lynch et al., 1986; Mack et al., 1990; McDuffie, 1991; Osann, 1991; Ooi
et al., 1986; Shaw et al., 1991; Tokuhata and Lilienfeld, 1963; Wu et al., 1988]. The
study by Sellers et al. [1990, 1992a] was the only one to provide strong evidence of
Mendelian inheritance in lung cancer. This study was based on families of 337
probands who were primarily smokers and died of lung cancer in a 4-year period
among residents of 10 parishes in Louisiana. The pattern of lung cancer occurrence
in these families was consistent with Mendelian codominant inheritance for variable
age-at-onset of a rare autosomal gene by using the REGTL models [Sellers et al.,
1990]. Our results, which rejected all Mendelian models, suggest that the pattern of
occurrence of lung cancer in families of nonsmoking lung cancer patients differs
from that in families of smoking lung cancer patients.

In an effort to detect etiologic heterogeneity in these families, Sellers et al.
[1992a] found that the model of inheritance differed based on age at death of the
lung cancer proband. Evidence of codominant Mendelian inheritance was much stron-
ger in families of probands who died of lung cancer before 60 years of age, but such
a model of inheritance was not apparent in families of older probands. In addition,
family history varied by histologic type of lung cancer in the proband, although the
findings were not statistically significant [Sellers et al., 1992b]. Etiologic heteroge-
neity in our study population, in terms of the histologic type and early vs. late age-
at-onset of proband’s lung cancer, is currently under investigation.

Our results, from either of the two approaches, REGD or REGTL, in the frame-
work of regressive logistic models, rejected all Mendelian single gene inheritance
mechanisms (dominant, codominant, or recessive). In REGD, the two environmental

TABLE VI. Estimated Lung Cancer Risk Based on the Environmental Model by Complex
Segregation Analysis (REGD)

Estimated lung cancer risk (%)

Males at age (in years) Females at age (in years)

Risk group 40 60 80 40 60 80

1) High-riska nonsmokers 16.7 83.6 95.4 14.0 72.2 88.0
2) Moderate-riskb nonsmokers 0.1 2.9 11.0 0.1 1.5 4.0
3) Moderate-risk smokers 17.3 84.1 95.6 14.4 73.0 88.4
4) Moderate-risk passive smokers with COPD 16.4 83.3 95.4 13.7 71.8 87.7
5) Low-risk smokers with COPD and allergy 0.1 0.2 0.7 0.1 0.1 0.2

a4/10,000 in the study population.
b4.2% in the study population
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Fig. 1. Lung cancer risk among moderate-risk individuals predicted from the environmental model by complex segregation analysis (REGD).
a: Female. b: Male. COPD = chronic obstructive pulmonary diseases including emphysema and chronic bronchitis. *Adjusted for passive
smoking, allergy and COPD.
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models were tested against the Mendelian transmission probability, one assuming
homogeneous risk among all family members and the other allowing differential
risks between individuals with parents and those without parents (founders or mar-
ried-in individuals) in the pedigree, and converged at the same likelihood point and
yielded identical results (Table V, models 5 and 6). In REGTL, the environmental
model with differential risks was the best model, indicating the presence of an un-
measured, yet not a simple Mendelian factor, which could be conferred from parent
to offspring. This particular environmental model was not presented by Sellers et al.
[1990, 1992a]. Although we have modeled our data using two approaches and achieved
reasonably consistent results, we have presented REGD models as our main results.
Given the observed age-of-onset distribution (Table I), we believe that it is more
appropriate to use the REGD models (which are assumption free regarding the age-
of-onset distribution) than the REGTL models (which assume the age-of-onset to be
well approximated by a logistic distribution).

Susceptibility to lung cancer has been postulated to be due to oncogenes or
tumor suppressor genes [Caporaso et al., 1995; Ryberg et al., 1995], and due to indi-
vidual susceptibility to lung carcinogens (e.g., tobacco) through differential meta-
bolic mechanisms [Seidegard et al., 1990; Nakachi et al., 1991, 1993; Uematsu et
al., 1991; Hirvonen, 1995; Kihara et al., 1995]. The interacting and counteracting
relationships between genetic polymorphisms for metabolic genes such as CYP1A1,
CYP2D6, GSTM1, and NAT2, combined with other risk modifiers, may explain the
rejection of all Mendelian diallelic models in this study. Further analyses incorporat-
ing measured genotypes and various interactions are needed.

Tobacco use and risk of lung cancer have been studied extensively [Levin et al.,
1950; Doll and Hill, 1952] and the causal relationship has been supported by a strong
dose-response relationship [Kahn, 1966; Hammond, 1972; Doll and Peto, 1978]. Al-
though the interaction between smoking and familial risk of lung cancer was recog-
nized more than 30 years ago [Tokuhata and Lilienfeld, 1963], familial aggregation
of smoking does not fully explain the familial aggregation of lung cancer [Osann,
1991]. In the present study, we took the effects of smoking into account by using a
dichotomized variable instead of a more quantitative measure because we did not
expect to detect different genetic effects at different levels of smoking in our study
population. Moreover, using a quantitative measure of smoking such as pack-years
would have resulted in the exclusion of approximately 25% of the population for
whom pack-years was not available. A similar proportion of missing information
regarding pack-years of smoking among relatives of the probands was also reported
by Sellers et al. [1990].

Environmental tobacco exposure or passive smoking has also been demon-
strated repeatedly to increase lung cancer risk [Blot and Fraumeni, 1986; Saracci
and Riboli, 1989; Fontham et al., 1991; Brownson et al., 1992; U.S. Environ-
mental Protection Agency, 1992]. Nonsmoking spouses of smokers have a 30–
70% increased risk of developing lung cancer [Blot and Fraumeni, 1986; Saracci
and Riboli, 1989; Fontham et al., 1991; U.S. Environmental Protection Agency,
1992]. Because exposure to environmental tobacco smoke in relatives is much
harder to measure than active smoking, the only two population studies focusing
on nonsmokers either did not collect the actual data at all [Alavanja et al., 1992]
or estimated exposures from the probands’ smoking status [Wu et al., 1995]. In
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this study, we obtained information on passive smoking for each relative at home
and at work from interviews with the probands or next-of-kin proxies. The pos-
sible confounding effects of such exposures have been adjusted for in all of the
models that we have tested.

Previous chronic lung disease has been shown to increase lung cancer risk in
both smokers and nonsmokers [Alavanja et al., 1992; Van Der Wal et al., 1966; Osann,
1991; Nomura et al., 1991; Wu et al., 1988, 1995; Samet et al., 1986]. To date, our
study is the first in which a detailed history of previous lung diseases including
COPD, TB, allergy, asthma, and pneumonia was obtained for all first-degree rela-
tives, and each of these diseases has been evaluated as covariates in the complex
segregation analysis. Although only TB was a statistically significant risk factor for
lung cancer, the potential effects of allergy and COPD were adjusted for in all mod-
els in our analysis (Table IV).

The specific association between TB and lung cancer has been reported by
Steinetz [1965], Hinds et al. [1982], and Zheng et al. [1987]. Alavanja et al. [1992]
reported a 2-fold increase of lung cancer risk among former smokers who had TB.
Ger et al. [1993] found that history of TB was a significant risk factor to squamous
and small cell carcinomas of the lung. In our study population, we found a 6-fold
increased lung cancer risk in relatives of nonsmokers who had TB when compared
with relatives without TB. Chronic inflammation and scarring of the lung and an
inherited susceptibility have been suggested as potential mechanisms through which
TB may increase lung cancer risk.

Potential hazardous exposures related to occupation and industry were evalu-
ated under the following job titles [based on U.S. Bureau of Census, 1981]: assem-
bly, automaker, chemical, construction, and mechanics. None of these occupations
and industries showed any significant effects on lung cancer risk in families of non-
smoking cases, although some significant findings were reported in the related case-
control study [Schwartz et al., 1996].

In conclusion, the implications from our results are 2-fold: despite the profound
effect of smoking on the risk of lung cancer, other environmental and/or genetic risk
factors need to be characterized to identify the small subgroup of the study popula-
tion (<5%) who are very or moderately susceptible to lung cancer. On the other
hand, elimination of tobacco exposure and prevention of other chronic lung diseases
(i.e., TB, allergy, and COPD) are evident measures for minimizing lung cancer inci-
dence in the population.
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