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Family-based transmission disequilibrium test
(TDT) and case–control association studies
reveal surfactant protein A (SP-A)
susceptibility alleles for respiratory distress
syndrome (RDS) and possible race differences

Floros J, Fan R, Matthews A, DiAngelo S, Luo J, Nielsen H, Dunn
M, Gewolb IH, Koppe J, van Sonderen L, Farri-Kostopoulos L, Tzaki
M, Rämet M, Merrill J. Family-based transmission disequilibrium test
(TDT) and case–control association studies reveal surfactant protein A
(SP-A) susceptibility alleles for respiratory distress syndrome (RDS)
and possible race differences.
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A key cause of respiratory distress syndrome (RDS) in the prematurely
born infant is deficiency of pulmonary surfactant, a lipoprotein com-
plex. Both low levels of surfactant protein A (SP-A) and SP-A alleles
have been associated with RDS. Using the candidate gene approach,
we performed family-based linkage studies to discern linkage of SP-A
to RDS and identify SP-A susceptibility or protective alleles. Moreover,
we performed case–control studies of whites and blacks to detect asso-
ciation between RDS and SP-A alleles. Transmission disequilibrium test
(TDT) analysis revealed that the frequency of transmission (from par-
ent to the offspring with RDS) of alleles 6A2 and 1A0 and of 1A0/6A2

haplotype in RDS was increased, whereas transmission of alleles 1A5

and 6A4 and of haplotype 1A5/6A4 was decreased. Extended TDT anal-
ysis further strengthened the observations made. The case–control
studies showed that in whites or blacks with RDS the frequencies of
specific genotypes, 1A0 and 6A2 or 1A0, were increased, respectively,
but the frequency of specific 6A3 genotypes was increased in certain
white subgroups and decreased in blacks. Regression analysis revealed
gestational age (GA) and 6A3 genotypes are significant factors in
blacks with RDS. In whites with RDS, GA and antenatal steroids are
important factors. The data together indicate linkage between SP-A
and RDS; certain SP-A alleles/haplotypes are susceptibility (1A0, 6A2,
1A0/6A2) or protective (1A5, 6A4, 1A5/6A4) factors for RDS. Some
differences between blacks and whites with regard to SP-A alleles may
exist.
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SP-A association and linkage with RDS

A number of factors may predispose the prema-
turely born infant to neonatal respiratory distress
syndrome (RDS), which can result in significant
morbidity and mortality of the neonate. Pulmonary
surfactant, which is a lipoprotein complex and the
biochemical hallmark of lung maturity, is essential
for normal lung function (1). Deficiency of surfac-
tant leads to RDS in the prematurely born infant.
Measurements of surfactant components in amni-
otic fluid have been used to predict RDS and/or have
been associated with the severity of RDS (2–4).
Moreover, steroid therapy of mothers who threaten
to deliver prematurely is used clinically, in an
attempt to accelerate fetal lung maturity and surfac-
tant production. Although the general belief is that
maternal steroid therapy is beneficial, it has not led
to the elimination of RDS (5).

Prematurity, race, sex, and genetic components
are among the etiologic contributors to RDS (6, 7).
Black infants, although they have a higher rate for
prematurity, appear to have lower incidence of RDS
compared to their white counterparts (8). These
racial differences are not due to quantitative differ-
ences in surfactant lipids (3, 9), but may be due to
surfactant protein differences (10–12) or other race-
related factors (13). Genetics may play a role in the
pathogenesis of RDS (6).

The surfactant proteins (SP-)A, SP-B, SP-C, and
SP-D play key roles both in surfactant functions,
such as alveolar integrity, by preventing alveolar
collapse at low lung volumes, and in the innate host
defense and the regulation of inflammatory pro-
cesses in the lung (1, 14, 15). Infection is an impor-
tant complication of the prematurely born infant.
Therefore, aberration in surfactant or its compo-
nents may affect both alveolar integrity and host
defense in the prematurely born infant.

The human SP-A locus consists of one pseudo-
gene and two functional genes, SP-A1 and SP-A2,
in opposite transcriptional orientation (16). A num-
ber of alleles that occur in �1% in the population
(17) have been identified and characterized for the
SP-A1 (6A, 6A2, 6A3, 6A4) and the SP-A2 (1A, 1A0,
1A1, 1A2, 1A3, 1A5) genes (15, 18, 19). Variability
in the levels of SP-A mRNA has been observed in
lungs of adult subjects (20, 21) and in fetal lung
explant cultures (22). An association between low
levels of SP-A mRNA and the SP-A 6A26A2/1A01A0

genotype has been observed in human lungs of
unrelated individuals (21, 22). Although low levels
of SP-A protein have been associated with the
severity of RDS, genotype analysis was not per-
formed in that study (4). Very low amounts of SP-A
have also been shown by immunohistochemistry
and electron microscopy in lung tissues of babies
who died from RDS (23, 24). Candidate gene

approaches have revealed associations between SP-
A and SP-B alleles and RDS in case–control asso-
ciation studies (10, 12, 25). The frequencies of SP-A
alleles or genotypes shown previously to associate
with low levels of SP-A mRNA (21, 22) were found
to be increased in white infants with RDS of a mixed
(12), or a homogeneous (Finnish) (25) ethnicity.

In the present study, we wished to not only build
on previous findings, but also extend them by
performing a family-based linkage study using
transmission disequilibrium test (TDT) analysis and
by carrying out a larger (n=584) population-based
case–control association study of control and RDS
groups, including both white and black subjects
(since race is thought to be a factor in RDS). TDT
measures the transmission of marker alleles of het-
erozygous parents to the affected offspring. The
non-transmitted parental marker alleles serve as an
internal control to the transmitted alleles. Hence,
TDT can avoid the problem of ‘spurious’ associa-
tions arising from conventional case–control stud-
ies due to admixture, heterogeneity, or stratification
of the population (26). Moreover, the extended TDT
(ETDT) analysis (27) allows for composite test of all
the alleles of a multi-allele marker locus such as the
SP-A1 and SP-A2 loci and can further strengthen
observations. Both TDT and ETDT analyses to-
gether may determine whether the SP-A locus is
linked to RDS and confirm or refute susceptibility
or protective SP-A allele associations observed in
case–control studies.

Subjects and methods
Specimens

Blood samples, cheek swab, or discarded tissues
were collected from subjects with or without RDS
and parents of affected offspring following institu-
tional guidelines for use of human tissues. Diagnosis
of RDS was made by clinical criteria (flaring, grunt-
ing, and retraction) and verified by the reticulogran-
ular pattern on X-ray. Individuals treated with
surfactant therapy prophylactically were excluded
from the study. Genomic DNA was extracted and
served as template in PCR for genotype analysis.
SP-A gene-specific amplifications and gene-specific
allele determinations were performed using a non-
radioactive, converted polymerase chain reaction-
restriction fragment length polymorphism
(PCR-RFLP) approach, described previously (17).

Family-based TDT and extended TDT studies

The study group consisted of 32 families, each of
which had genotype data for both parents and for
at least 1 affected offspring. Table 1 shows the
demographic data of the population studied.
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For the 32 families, 10 of them had 1 offspring,
18 had 2, and 4 had 3. The total number of
subjects studied was 122 (58 offspring and 64 par-
ents). The race, sex, ethnicity, and age category of
the subjects are shown in Table 1. There were a
total of 47 affected offspring. Nineteen of the
families had only 1, 11 had 2, and 2 had 3 affected
offspring. There were 5 affected monozygous twin
sets and 1 affected monozygous triplet set. There
were 12 dizygous twin sets and 2 dizygous triplet
sets in which at least 1 individual was affected. For
TDT analysis to be valid, we analyzed only 1
affected offspring from each of the 5 affected
monozygous twin sets and 1 affected monozygous
from the triplet set, (i.e. we removed 7 affected
offspring and used the remaining 40 affected off-
spring in the study).

For each SP-A1 or SP-A2 allele, the number of
alleles transmitted indicates the times the allele was
transmitted to the offspring by the heterozygous
parent(s). For this analysis, only parents het-
erozygous for the SP-A alleles were used. Each
heterozygous parent was used in turn to create a
new bi-allelic system for each SP-A1 or SP-A2
allele under study, by collapsing the alleles, other
than the one under examination, to a new allele
category X. For example, if the transmission of
allele 6A/X was being studied, the remaining SP-
A1 alleles 6A2, 6A3, and 6A4 were collapsed to
form a new allele category X. Therefore, the data
in Figs 1 and 2 indicate the frequency with which
heterozygous parents with, for example, genotype

Fig. 1. TDT analysis of SP-A1 and SP-A2 alleles. Thirty-two
families with both parents and at least one affected child were
used in this analysis. The number of transmitted and untrans-
mitted alleles for 6A, 6A2, etc., are shown along with the
corresponding �2 and p-value.

6A/X or haplotype 1A06A2/X transmitted allele 6A
or haplotype 1A06A2 to their affected offspring.
Thus, from the 10 heterozygous parents with geno-
type 6A/X (Fig. 1), 4 transmitted allele 6A, and 6
transmitted allele X to their affected offspring.

ETDT, which allows for a composite test analy-
sis of all alleles of a multi-allele locus, such as
SP-A1 and SP-A2 loci, was performed (27). In this
analysis, we tested the null hypothesis of no link-
age between RDS and SP-A loci using parsimo-
nious and saturated models. Moreover, we tested
the goodness-of-fit of the parsimonious model by
comparing it to the saturated model.

Table 1. Characteristics of population used in the TDT study

32No. of families

No. of families (No. of children) 10 (1), 18 (2), 4 (3)

No. of families (No. of affected children) 19 (1), 11 (2), 2 (3)

Zygote Monozygotic twins 5
Monozygotic triplets 1

12Dizygotic twins
2Dizygotic triplets

Race Black, no Hispanic 12
White, no Hispanic 105
Other or Mixed 3

parents
2Missing

Sex Female 60
Male 62

Ethnicity American 72
The Netherlands 47
Missing 3

Age category Adult 64
9Child

Newborn 49

Fig. 2. TDT analysis of SP-A haplotypes. Thirty-two families
with both parents and at least one affected child were used in
the analysis. The transmission of haplotypes (p�0.1) is shown
along with the �2.
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SP-A association and linkage with RDS

Case–control associations: characteristics of the study
group

The study group included a total of 584 prema-
turely born white or black babies of both sexes,
with and without RDS, born to mothers who
either did or did not receive prenatal glucocorti-
coid therapy. The characteristics of the study
group are shown in Table 2.

We compared the frequency of alleles, shown
previously to be significant in control and RDS
groups of white American and Finnish (12, 25).
For our analysis we took into consideration race,
sex, gestational age (GA), and maternal steroid
therapy (Table 2). The GAs between RDS and
control subjects in white and blacks are not well
matched (Fig. 3). To better match GAs between
RDS and control groups, we kept for the analysis
of whites, subjects with GA�28 weeks and for
blacks, subjects with 28 weeks�GA�35 weeks.
In addition, we carried out analyses with GA sub-

groups that further matched GA for control and
RDS groups. For whites, we performed analyses
with individuals of 28 weeks�GA�33 weeks and
GA�33 weeks and for blacks, with individuals of
28 weeks�GA�31 weeks and 31 weeks�GA�
35 weeks. Similarly, we conducted analyses with
individuals regardless of maternal steroid therapy
and then again by separating them into those who
received maternal steroid therapy and those who
did not.

Statistical analysis

The family-based TDT analysis utilized the
GENEHUNTER program from the Whitehead In-
stitute for Biomedical Research, MIT. The TDT
statistic is the McNemar’s test. The ETDT pro-
gram is from Dr Curtis, http://www.gene.ucl.
ac.uk/�dcurtis/.

Analysis of the case–control associations used
SAS Version 7 to perform Fisher’s exact tests to

Table 2. Characteristics of case–control study population

No. in sexRace Group No. of subject No. in steroid treatment† SD of GAMean of GAGAc

2.533.628�GA181S:120NS129F:172M301ControlWhite
28�GA102S:107NS**84F:124M*210 32.4RDS 2.6

Control 34 21F:12M*** 26S:8NSBlack 28�GA�35 32.2 1.6
RDS 39 17F:22M 24S:15NS 28�GA�35 30.5 1.5

† Maternal steroid therapy received 24–168 h before birth.
F: female; M: male; S: steroid treatment; NS: no steroid treatment.
GAc : Gestational age in weeks.
* The sex of 2 subjects is missing.
** One subject’s steroid status is missing.
*** The sex of one subject is missing.

Fig. 3. GA distribution in whites
and blacks. The boxplot depicts the
distribution of gestational ages in
whites, in control and RDS groups,
before (left panel) and after (right
panel) GA adjustment. The
horizontal line within each box
indicates the median GA, and the
solid black box represents the mean
GA. The number (n) of subjects in
each category is indicated. The
lower and upper broken horizontal
lines of the box represent the
quartiles of the data or the 25th
and 75th percentile of the GA
dataset, respectively. The size of the
entire box represents the
interquartile range and the solid
circles represent outliers.
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assess association of alleles or genotypes with
RDS. A p-value of �0.05 is considered to be
significant. Logistic regression analysis was also
conducted, using GA, sex, steroid treatment, and
genotypes (1A0/1A0 or 1A0/*, 6A2/6A2 or 6A2/*,
6A3/6A3 or 6A3/* separately), as possible
regressors.

Results
TDT analysis of SP-A alleles and haplotypes

Based on nucleotide differences, four SP-A1 alleles
(6A, 6A2, 6A3, 6A4) and eight SP-A2 alleles (1A,
1A0, 1A1, 1A2, 1A3, 1A5, 1A6, 1A9) were observed
in the study population. These 12 alleles were used
to test whether there is linkage between RDS and
the SP-A1 and SP-A2 loci. Of these alleles, all,
except 1A6 and 1A9, occur in �1% of the general
population (17). Fig. 1 shows the results of the
TDT analysis.

Of the marker loci, SP-A1 and SP-A2, alleles
6A2, 6A4, 1A0, and 1A5 show linkage with a poten-
tial RDS allele (p-values 0.01, 0.02, 0.003, 0.03,
respectively). Based on the high frequency of trans-
mission of alleles 6A2 and 1A0 to the affected child,
these alleles may be viewed as linked susceptibility
factors for RDS. The low transmission of alleles
1A5 and 6A4 indicates that these alleles may be
viewed as protective factors for RDS.

The SP-A1 and SP-A2 loci are linked and based
on both our published (19) and unpublished data
of CEPH (Centre d’Etude du Polymorphism Hu-
maine) family pedigree analysis, the 6A2 and 1A0

alleles represent a common genomic haplotype.
DNAs for CEPH pedigrees are commercially avail-
able and, because these have multiple members, are
suited for haplotype analysis. Fig. 2 presents the
TDT analysis of haplotypes that were transmitted
with higher or lower frequency to the offspring
(p�0.1). Haplotype 1A0/6A2 is over-represented
in RDS (p=0.05), but haplotype 1A5/6A4 is un-
der-represented in RDS (p=0.03), indicating that
the former is a susceptibility factor and the latter a
protective factor for RDS. Other haplotypes
present in the families studied, but did not show a
differential transmission (p�0.1) to the affected
offspring, include 1A/6A, 1A0/6A3, 1A0/6A4, 1A1/
6A2, 1A1/6A3, 1A2/6A2, 1A2/6A3, 1A3/6A2.

ETDT analysis of SP-A1 and SP-A2 alleles

We performed ETDT analysis in order to further
assess linkage of the SP-A1 and SP-A2 multi-allele
loci with the RDS locus. For ETDT, we tested the
hypothesis of no linkage between RDS and SP-A
loci by examining two models, a parsimonious

(allele-wise) and a saturated (genotype-wise). The
log likelihoods and the respective chi-square p-val-
ues are shown. The goodness-of-fit of the parsimo-
nious model when compared to the saturated
model is also shown for each SP-A1 and SP-A2
locus.

For SP-A1 the results are :

Log likelihood under null hypothesis:
L0= −31.89

Log likelihood using parsimonious (allele-wise)
model: L1= −27.83

Log likelihood using saturated (genotype-wise)
model: L2= −23.01

Chi-squared for allele-wise TDT
=2 � (L1−L0)=8.10, 3 df, p=0.04

Chi-squared for genotype-wise TDT
=2 � (L2−L0)=17.74, 5 df, p=0.003

Chi-squared for goodness-of-fit of allele-wise
model=2 � (L2−L1)=9.64, 2 df, p=0.01.

For SP-A2, the results are:

Log likelihood under null hypothesis:
L0= −38.82

Log likelihood using parsimonious (allele-wise)
model: L1= −30.35

Log likelihood using saturated (genotype-wise)
model: L2= −21.73

Chi-squared for allele-wise TDT
=2 � (L1−L0)=16.93, 7 df, p=0.02

Chi-squared for genotype-wise TDT
=2 � (L2−L0)=34.18, 11 df, p=0.0003

Chi-squared for goodness-of-fit of allele-wise
model=2 � (L2−L1)=17.25, 4 df, p=0.002

These results strengthen considerably our find-
ings in Figs 1 and 2, namely, the SP-A1 and SP-A2
loci are linked to the RDS locus. The goodness-of-
fit indicated that the saturated (genotype-wise)
model has a better explanatory power.

Frequency of SP-A genotypes

Comparisons between control and RDS genotypes
were made by considering race, GA, sex, and ma-
ternal steroid therapy.

White subjects. The significant findings for white
subjects are shown in Tables 3 and 4. The data in
Table 3 indicate that the frequency of 1A0 allele
versus all other alleles is higher in babies with RDS
and GA�28 weeks, regardless of whether mater-
nal steroid therapy was considered as a factor. The
frequency of 6A3/6A3 genotype versus 6A3/* was
higher in subjects with RDS (GA�28 weeks) who
received maternal steroid therapy. For the 1A0/1A0
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Table 3. Frequency of allele 1A0 and 6A3/6A3 or 1A0/1A0 genotypes in whites with and without RDS

Genotype comparison Steroid† Sex GAc RDS Control p-value Odds ratio 95% confidence interval

f n f n

1A0 allele vs. all others +, − F, M �28 0.57 420 0.52 602 0.04 1.3 1.0, 1.6
+ F, M �28 0.34 102 0.24 181 0.051A0/1A0 vs. all other genotypes 1.6 1.0, 2.8
+ F, M �28 0.26 386A3/6A3 vs. 6A3/* 0.11 80 0.04 2.8 1.0, 7.7

† Maternal steroid therapy received 24–168 h before birth; the symbol (+,−) indicates that some of the subjects under study had (+) steroid therapy and
others did not (−).
GAc =gestational age in weeks; F= female; M=male.
f= frequency, allele 1A0 vs. all other alleles (first row); Accordingly, in other rows, n=number of individuals or alleles.
The frequency of 1A0/1A0 genotype was compared to that of the combined frequencies of ‘all other’ genotypes in control and RDS.
The frequency of 6A3/6A3 genotype was compared to that of 6A3/* in control and RDS.

Table 4. Frequency of allele 6A2 or 6A2/6A2 genotype in whites with and without RDS

Steroid† Sex GAc RDS Control p-valueGenotype comparison Odds ratio 95% confidence
interval

f n f n

+, − F6A2 allele vs. all others �28 0.61 168 0.52 258 0.05 1.4 1.0, 2.1
+, − F, M 28�GA�33 0.60 2546A2 allele vs. all others 0.52 222 0.05 1.4 1.0, 2.0

6A2/6A2 vs. */* +, − F, M 28�GA�33 0.72 60 0.55 53 0.05 2.1 1.0, 4.6
6A2/6A2 vs. all other genotypes + F, M �28 0.35 102 0.24 181 0.03 1.8 1.0, 3.0

+, − F �28 0.38 846A2/6A2 vs. all other genotypes 0.25 129 0.03 1.9 1.0, 3.4
+ F, M �28 0.43 83 0.29 147 0.02 1.9 1.1, 3.36A2/6A2 vs. 6A2/*
+, − F �28 0.46 70 0.316A2/6A2 vs. 6A2/* 103 0.04 1.9 1.0, 3.5

† Maternal steroid therapy received 24–168 h before birth; the symbol (+,−) indicates that some of the subjects under study had (+) steroid therapy and
others did not (−).
GAc =gestational age in weeks; F= female; M=male.
f= frequency; n=number of individuals or alleles.
The frequency of allele 6A2 was compared to that of all other alleles in control and RDS. Similar comparisons were made for the 6A2/6A2 genotype, etc.

genotype, comparable observations were made for
the subgroup that received steroid therapy. The
frequency of the 6A2 allele or 6A2/6A2 genotype
was higher in female babies with RDS and GA�
28 weeks, and in babies with RDS and 28 weeks�
GA�33 weeks, regardless of steroid therapy
(Table 4). The frequency of the 6A2/6A2 genotype
was higher in babies with RDS and GA�28
weeks and of mothers who received or did not
receive steroid therapy (Table 4).

In an attempt to distinguish whether alleles 1A0,
6A2, and 6A3 associate with prematurity rather
than RDS, we determined the frequency of these
alleles in control and RDS for two GA subgroups
(�32 weeks, �32 weeks). No significant differ-
ence was observed between these two groups either
in control or RDS subjects (Fig. 4). Similar results
were obtained when GA of 33 or 34 weeks was
used to separate the two subgroups (not shown).
Black subjects. The significant findings for black
subjects are shown in Table 5. The 1A0 allele and
the (1A0/1A0 or 1A0/*) genotype are more frequent
in RDS babies with younger GAs (28 weeks�

GA�31 weeks), whereas the (6A3/6A3 or 6A3/*)
genotype or the 6A3/* genotype alone was higher
in control babies (31�GA�35).

Regression analysis. The logistic regression analysis
(Table 6) for whites revealed that both GA and
maternal steroid therapy were important variables
(p�0.0001). In blacks, GA was similarly found to
be important (p=0.0003), but in contrast to

Fig. 4. Allele distribution in age-dependent subgroups (�32
weeks, �32 weeks) in control and RDS groups. n denotes the
number of subjects used.
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Table 5. Frequency of SP-A alleles or genotypes in blacks with and without RDS

Genotype comparison Steroid† GAc Sex RDS Control p-value Odds ratio 95% confidence interval

f n f n

+, − 28�GA�31 F, M 0.30 46 0.0 101A0 allele vs. all others 0.04 N/A N/A
+, − 28�GA�31 F, M 0.52 23(1A0/1A0 or 1A0/*) vs. */* 0.0 5 0.04 N/A N/A
+, − 31�GA�35 F, M 0.38 16 0.69 29 0.04 0.3 0.1, 1.0(6A3/6A3 or 6A3/*) vs. */*
+, − 31�GA�35 F, M 0.33 15 0.67 27 0.04 0.3 0.1, 1.06A3/* vs. */*

† Maternal steroid therapy received 24–168 h before birth. The symbol (+,−) indicates that some of the subjects under study had (+) steroid therapy and
others did not (−).
F: female; M: male; f: frequency; n: number of individuals, GAc : gestational age in weeks.

Table 6. Logistic regression analysis of 6A3 genotype in blacks and whites with and without RDS

Est. SD Odds p-value95% confidence p-value Est. SD Odds 95% confidenceVariables
intervalratio ratio interval

2.34 0.65 10.38 2.90, 37.09 0.0003 1.32 0.21 3.75 2.47, 5.70 �0.0001Ind–GA
0.88 0.60 2.40 0.75, 7.71 0.14Ind–male 0.07 0.19 1.07 0.73, 1.56 0.73

Ind–steroids −1.12 0.63 0.33 0.10, 1.13 0.08 −0.98 0.22 0.38 0.25, 0.58 �0.0001
−1.40 0.63 0.25 0.07, 0.84 0.03 −0.14 0.19 0.87Ind–(6A3/* or 6A3/6A3) 0.60, 1.27 0.48

The logistic regression model is given by log(P(RDS)/P(Control))=�0+�1Ind–GA+�2Ind–male+�3Ind–steroids+�4Ind–(6A3/* or 6A3/6A3), where Ind–GA
is 1 if 28�GA�31 and 0 if 31�GA�35 for blacks, 1 if 28�GA�33 and 0 if 33�GA for whites, Ind–male is 1 if male and 0 if female, Ind–steroids is 1
if steroid treatment is Yes and 0 if steroid treatment is No, Ind–(6A3/* or 6A3/6A3) is 1 if the genotype is 6A3/* or 6A3/6A3 and 0 if the genotype is */*.
* represent alleles other than 6A3.
Est.=estimates of �; SD=standard deviation.

whites the (6A3/6A3 or 6A3/*) genotype was also
important (p=0.03). The maternal steroid therapy
on the other hand did not appear to be as impor-
tant (p=0.08) in blacks. Given the smaller number
of samples in blacks, further study with a larger
sample size is warranted.

Discussion

The etiology of neonatal RDS is considered to be
multigenic and/or multifactorial, with a major etio-
logic cause being pulmonary surfactant deficiency
(6). Both low levels of SP-A (4, 23) and certain
SP-A alleles have been associated with RDS in
white subjects (12, 25). In the present study, we
wished to build on existing findings and extend
them by performing TDT and ETDT analyses and
by carrying out a larger size case–control study of
584 individuals including both white and black
subjects. The TDT analysis results indicate a sig-
nificantly high transmission of 6A2 or 1A0 allele or
1A0/6A2 haplotype and low transmission of alleles
1A5, 6A4, or 1A5/6A4 haplotype to the affected
child. The ETDT analysis supports and strength-
ens these observations by showing that SP-A1 and
SP-A2 are linked to the RDS locus. The case–con-
trol studies indicate that the 1A0 and 6A2 alleles
(or specific 6A2 genotypes) are over-represented in
subgroups of white babies with RDS regardless of

maternal steroid therapy, whereas genotypes 1A0/
1A0 and 6A3/6A3 are over-represented in RDS
babies of mothers who received steroid therapy.
The 6A2 and 6A2/6A2 appear also to be over-repre-
sented in females with RDS, with or without
steroid therapy. Similar findings for males were not
observed. In blacks with RDS, allele 1A0 or spe-
cific 1A0 genotypes are over-represented but 6A3

genotypes are under-represented, suggesting risk
and protective factors, respectively. The latter is
consistent with the regression analysis data, where
the genotype (6A3/* or 6A3/6A3), (p=0.03) and
GA (p=0.0003) were found to be protective and
risk factors, respectively, in blacks with RDS
whereas in whites maternal steroid therapy and
GA were major risk factors (p�0.0001). Because
none of these alleles (1A0, 6A2, 6A3) were associ-
ated with prematurity, it is likely that certain SP-A
alleles, haplotypes, or genotypes are susceptibility
or protective factors for RDS in whites or blacks.
Although the data presented indicate some differ-
ences between whites and blacks, this warrants
further confirmation given the small number of
black subjects, and caution should be exercised
with conclusions regarding race differences.

The data from TDT and ETDT analyses clearly
link the SP-A locus to RDS, and indicate that the
associations of 1A0 and 6A2 alleles observed in
case–control studies are not due to population

184



SP-A association and linkage with RDS

admixture, heterogeneity, or stratification (26, 28).
The power of TDT stems from the fact that the
non-transmitted allele serves as an internal control.
Because genetically the parent and child are far
more homogeneous than any other two unrelated
individuals, ‘spurious’ associations can be avoided.
TDT is also useful in the study of factors con-
tributing to the pathogenesis of disease with multi-
genic etiology because it can detect small gene
effects (29, 30).

Apparent discrepancies regarding the role of SP-
A in normal lung function exist, as assessed by
studies of SP-A (−/− ) deficient mice born under
normal conditions at term (31), and by in �itro
studies (32). These may point to a developmental
context-dependent role of SP-A (33) and/or genetic
differences between mouse and human SP-A se-
quences. With regards to the former possibility
several points may be considered. For example, the
macromolecular context of the premature lung
may differ from that at term. The surfactant com-
ponents or other molecules may be at suboptimal
concentrations (i.e. at a quantitative imbalance
(33)). Reduced levels of surfactant lipids (2, 34)
and surfactant proteins (23, 24, 35) have been
observed in babies with or at risk for RDS. Thus,
SP-A may have an impact and/or modify the sever-
ity of RDS depending on the presence and/or the
network of interactions of other factors in the
cellular or tissue environment (6, 28).

With regards to genetic differences between
mouse and human SP-A sequences, we performed
amino acid and nucleotide sequence comparisons
between SP-A alleles and mouse sequence (Gen-
Bank accession cAK004788) to assess potential
qualitative and quantitative differences, respec-
tively. We compared a) the human ‘core’ (i.e. gene-
specific) amino acids that distinguish all SP-A1
alleles from the SP-A2 alleles (36) and the corre-
sponding mouse amino acids; and b) all amino
acids that differ among the human alleles and the
corresponding mouse amino acids. The results
showed that the mouse SP-A is more similar to the
SP-A1 gene and of the SP-A1 alleles, is more
similar to the 6A, 6A2 (a risk factor), and 6A3 (a
protective factor in certain race/ethnic groups).
Moreover, when all SP-A amino acids of the hu-
man SP-A alleles and the mouse SP-A were com-
pared, the mouse SP-A was still more similar to 6A
as well as to 6A2 allele. To identify potential quan-
titative differences among the significant alleles, we
compared nucleotide differences of the 3�UTR (un-
translated region), because the 3�UTR is shown to
mediate differences in basal levels and in response
to dexamethasone among SP-A alleles (37, 38).
The results showed that the mouse SP-A 3�UTR

sequence has the least nucleotide similarity with
6A2 compared to all other alleles and the most
with 6A and (a very close second) with RDS pro-
tective 6A3 and 6A4 alleles. Thus, the comparison
data indicate that the mouse gene is not similar to
1A0 (risk factor), as determined by amino acid or
3�UTR nucleotide comparison. Although the
mouse gene by amino acid sequence comparison is
similar to 6A2 (a risk factor), 6A, and 6A3 (a
protective factor in certain race/ethnic groups) the
mouse gene, by nucleotide 3�UTR comparison is
most dissimilar with 6A2 and most similar with 6A
and with 6A3 and 6A4 alleles. Therefore, based on
sequence comparison data, it is possible that genet-
ically based SP-A quantitative differences along
with other environmental differences, may explain
some of the apparent discrepancies between the
SP-A knockout mouse and humans.

Differences in SP-A mRNA levels (20, 21) and
SP-A protein levels (39–41) have been observed
among humans, and correlations between SP-A,
6A26A2:1A01A0, and low levels of SP-A mRNA
have been made in both human lungs (21) and fetal
lung explants (22). Moreover, the 1A0/6A2 haplo-
type has been associated with RDS. These together
allow one to speculate that infants born prema-
turely with 6A26A2:1A01A0 SP-A genotype have a
higher risk of developing RDS compared to their
counterparts with a different SP-A genotype. This
genotype-dependent low concentration of SP-A
may in turn compromise important lung functions.
This speculation is supported in part by previous
studies. SP-A content has been both correlated
with the severity in RDS (4) and used to predict
risk for RDS (34) and survival (42). Tissues of
babies who died from RDS (23, 24) had low SP-A
content. It is currently unknown whether develop-
mental differences in the regulation of SP-A alleles
exist. However, when SV40 promoter driven con-
structs containing the 3�UTR of 1A0, 6A2, or 6A3

alleles were transiently transfected into lung adeno-
carcinoma NCI-H441 cells, the results showed that
the 3�UTR mediates differences among alleles with
regard to basal levels and in response to dexam-
ethasone (37, 38).

Prematurity, race, and sex may be important
contributing factors to RDS (6) and based on
regression analysis, GA is a major variable for
both blacks and whites. We minimized GA differ-
ences by matching control and RDS subjects
within one and less than 2 weeks difference for
whites and blacks, respectively. Comparable results
were obtained for 1A01A0 and 6A26A2 genotypes
from a Finnish study group where the control and
RDS subjects were also matched for GA within 1
week (25). Differences between races may exist, as
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assessed by regression analysis, with regard to ma-
ternal steroid therapy and the contribution of SP-
A alleles in the clinical outcome. Steroid therapy
was found to be a major variable for whites but
not for blacks under study, while the genotype
(6A3/6A3 or 6A3/*) appears to be a protective
factor for blacks but not for whites. The 6A2 allele
and genotype are over-represented in white females
(but not in black females or males of both races)
with RDS and with or without steroid therapy.
The underlying mechanisms for these putative sex
differences in whites are unknown. It is expected
that multiple genetic and non-genetic factors con-
tribute to and/or modify the severity of RDS,
acting perhaps through networks of additive and/
or epistatic interactions (33, 43, 44) at the cellular
and/or tissue level.

Findings from previous case–control studies
have implicated allele 6A3 as a protective factor in
whites with RDS (25) and in blacks (but not in
whites) with RDS (12). In the present study, com-
parable findings to those reported by Kala et al.
(12) were observed. The frequency of the 6A3 geno-
type in blacks was increased in controls and in
whites was increased in babies with RDS of moth-
ers who had received steroid therapy. We speculate
that the apparent discrepancy in whites of the
6A3/6A3 genotype among the case–control studies
(present study, (12, 25)) is due to differences in the
study group stratification such as the presence or
absence of steroid therapy, or ethnicity.

Although no significant associations were made
with either allele 1A5, or 6A4 and RDS in any of
our case–control studies (12, 25), the transmission
of 1A5, or 6A4 and of 1A5/6A4 haplotype allele to
the affected infant was found to be low by TDT
analysis, indicating that these alleles and haplotype
are protective factors for RDS. The reasons for
these differences are unknown. It is possible that
the protective effect of the 1A5, or 6A4 allele,
observed by TDT analysis, is diluted in the case–
control studies due to genetic background differ-
ences, and/or the protective effect of these alleles is
pronounced in a subgroup of RDS, yet to be
determined.

In summary, we have demonstrated by TDT,
ETDT, and case–control analyses that the SP-A
locus is linked to RDS and that certain SP-A
alleles or haplotypes within a developmental and
perhaps a hormonal-dependent context are suscep-
tibility or protective factors for RDS. Differences
between whites and blacks and between white fe-
males and males may exist with regard to the role
of SP-A alleles and possibly the role of steroids in
RDS.
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