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Purpose: We examined maternal smoking and oral contraceptive use as possible risk factors in the genesis of 
cases of trisomy 2 1  of maternal origin. Th i s  is the first epidemiological study to categorize cases of trisomy 2 1  

by parent of origin and timing of the meiotic error before assessing possible risk factors. Methods: We used chro- 

mosome 21-specific DNA markers to assign origin to each case. Structured interviews were employed to deter- 
mine maternal smoking and oral contraceptive use around conception. Results: The odds ratio (OR) for maternal 

smoking was significantly increased among younger mothers (OR = 2.98; 95% CI = 1.01-8.87), but only in a par- 
ticular subset of meiotically-derived cases. The combined use of cigarettes and oral contraceptives increased the 

r isk further (OR = 7.62; 95% CI = 1.63-35.6); however, oral contraceptive use alone was not a significant risk 

factor. Conclusion: Our results indicate that categorizing cases of trisomy 21  by parent and timing of the meiotic 
error allows more precision in identifying risk factors and may shed light on mechanisms of meiotic nondisjunc- 
tion. Genetics in Medicine, 1999:1(3):80-88. 
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INTRODUCTION 
Down syndrome, the most common identified cause of men- 

tal retardation, occurs in approximately 1 in 800 live births.' 
Ninety-five percent of the cases are the result of an extra, free- 
standing chromosome 2 1 (trisomy 2 1) which results from an 
error in meiosis (meiotic nondisjunction) or rarely, from an 
error in postzygotic mitosis. Throughout this article, the abbre- 
viation DS will be used to refer exclusively to cases of trisomy 
21 that are due to meiotic nondisjunction. 

Despite many years of research to identify risk factors associ- 
ated with DS, only one factor has been well established, advanced 
maternal age. The search for specific environmental risk factors 
has yielded few definitive r e s ~ l t s . ~ , ~  The effect of smoking has 
been examined, and, interestingly, several studies have reported 
a nonsignificant negative association between maternal smok- 
ing around the time of conception and the risk for DS."8 Sev- 
eral investigators have suggested that this may be the result of 
selective prenatal loss of trisomic conceptuses among women 
who s m ~ k e . ~ , ~  However, others have concluded that there is no 
association between DS and periconceptional ~ m o k i n g . ~ - ' ~  

It is important to note that previous studies on the effects of 
maternal smoking and other factors on the risk for DS have 
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pooled all trisomic individuals together regardless of the par- 
ent of origin or the timing of the chromosome error. With the 
advent of DNA technology and the generation of chromosome 
21-specific genetic markers, it has become possible to determine 
both the parent in which the chromosome error occurred (mater- 
nal or paternal error) and the timing of that error during meio- 
sis (meiosis I or I1 [MI or MII]).'3-15 Thus, cases of trisomy 21 
can be the result of an error in paternal meiosis I (PMI), pater- 
nal meiosis I1 (PMII), maternal meiosis I (MMI), or maternal 
meiosis I1 (MMII). 

This is the first study to categorize DS cases by the parent of 
origin and the timing of the chromosome error to increase the 
power to identify important environmental or maternal health- 
related risk factors. However, recent molecular findings among 
maternally derived trisomy 21 cases have changed our thoughts 
about the timing of so-called MMII errors.16." These studies indi- 
cate that most cases of maternal nondisjunction, including the 
majority of those we classify as MMII, are initiated during MMI. 
This evidence is based on two observations. First, advanced mater- 
nal age is associated with both MMI and MMII errors. We expected 
the maternal age association for MMI errors because the arrest 
of MMI is initiated prenatally and continues until the egg is ovu- 
lated some 10 to 40 years later. However, the length of MMII is 
only 1 to 3 days, irrespective of the mother's age. Thus, the observed 
association between maternal age and MMII errors suggests that 
these errors may be initiated during MMI. Second, recombina- 
tion, a meiosis I process known to be essential for proper chro- 
mosome segregation, is altered in cases involving both MMI and 
MMII errors. A lack of recombination or recombination that only 
occurs distally on chromosome 21 is associated with an MMI 
error, whereas recombination that occurs near the centromere 
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increases the chance of an MMII error. These altered patterns of 
recombination are observed among both younger and older 
women and therefore do not seem to be related to maternal age. 
These results have led us to propose a two-hit hypothesis to explain 
the nondisjunction of chromosome 2 1 .I7 We suggest that the first 
hit occurs prenatally and involves the random establishment of 
a susceptible recombination pattern. The second hit is a mater- 
nal age-related disturbance of the meiotic process. The specific 
nature of this disturbance is not known, but it could include degra- 
dation of components of the meiotic process as the result of time 
and/or environmental exposures such as those investigated here. 
Susceptible meiotic components might include the spindle appa- 
ratus, chromatid adhesion proteins, or recombination-associated 
structures such as chiasmata. 

These new data regarding the timing of maternally derived 
errors have prompted us to modify the terminology we use to 
refer to these errors. Nondisjunction is clearly of meiosis I ori- 
gin if the pericentromeric markers that are heterozygous in the 
parent of origin of the two chromosomes 21 remain heterozy- 
gous in the child with DS. Therefore, we continue to refer to 
these as MMI errors. The problem arises in designating the errors 
which traditionally have been referred to as MMII. Classically, 
these have been identified as such because the pericentromeric 
markers, heterozygous in the parent of origin, are homozygous 
in the trisomic offspring, indicating failure of sister chromatid 
separation, a meiosis I1 process. These cases are clearly differ- 
ent from those designated as MMI because the pattern of recom- 
bination (increased and centromeric) is not the same as that 
seen in MMI cases (absent or decreased and distal). This char- 
acteristic recombination pattern, together with the advanced 
maternal age associated with these cases, has led us to suggest 
that most so-called MMII nondisjunction actually originates 
during meiosis I and continues through meiosis 11, although 
there may be a small proportion of cases due to true MI1 nondis- 
junction. To emphasize this change of thinking without intro- 
ducing unnecessary new terminology, we will use the designation 
"MMII" instead of MMII in this article. 

Using a population-based case-control approach, we exam- 
ined the effects of maternal cigarette smoking on nondisjunc- 
tion resulting from either an MMI or an "MMII" error. In 
addition, because of the well-established risk for other health 
conditions related to the combination of smoking and oral con- 
traceptive (OC) use, we examined the effect of this interaction 
on the risk for a maternal meiotic error in chromosome segre- 
gation.18~19 No previous studies have reported on this interac- 
tion effect. We found a significant positive association between 
maternal smoking and DS in "MMII" cases and this effect was 
restricted to women younger than 35 years of age. In addition, 
we found a significantly increased odds ratio (OR) for smoking 
in combination with OC use around the time of conception in 
"MMII" cases of women younger than 35 years of age. 

SUBJECTS AND MmHODS 
Study population 

This work is part of an ongoing population-based case- 
control study of trisomy 21 in the five-county area of metro- 
politan Atlanta, Georgia. From 1989 through 1996,358 liveborn 

infants with trisomy 2 1 were ascertained with the assistance of 
the Metropolitan Atlanta Congenital Defects Program (MACDP) 
of the Centers for Disease Control and Prevention (CDC). Details 
of this birth defect surveillance system are described elsewhere.'' 
The study was approved by the Human Investigations Com- 
mittee of Emory University and informed consents were obtained 
from participants. Of 358 liveborn infants with DS, 249 were 
enrolled in the study (participation rate, 70%). In addition, 114 
pregnancy terminations were identified from one of the refer- 
ence laboratories in the Atlanta area. These prenatally diagnosed 
cases were referred from throughout the five-county area and 
should be representative of all women having pregnancy ter- 
minations for DS, although it is not possible to document this 
definitively. Thirty-six of these 114 women (32%) agreed to par- 
ticipate in the study. In addition, the MACDP randomly selected 
524 unaffected, liveborn control infants from the same metro- 
politan Atlanta population. These infants were selected in pro- 
portion to the expected number of total births at each hospital. 
The parents of 329 of these control infants enrolled in the study 
(63% participation rate). Table 1 summarizes the participation 
rates among cases and controls. 

Laboratory Methods 

For all liveborns with DS, blood samples were obtained from 
the parent(s) and child. For pregnancy terminations, we obtained 
tissue from the conceptus and blood from the parents. Using 
blood or tissue samples from case infants and their parents, we 
analyzed a battery of 45 chromosome 2 1 -specific DNA markers 
by Southern blotting or polymerase chain reaction (PCR) tech- 
niques.16 Parental origin of the extra chromosome was deter- 
mined by examining the contribution of chromosome 21 alleles 
from each parent to his or her offspring. Information from at 
least two markers was required to assign the parental origin. The 
timing of the error was determined by comparing chromosome 
21 pericentromeric markers of the parent who contributed the 
extra chromosome with those of the offspring (D21S369, 

Table 1 
Participation of case and control subjects, Atlanta, Georgia, 1989-1996 

DS Cases 
- 

Pregnancy 
Disposition Liveborn" terminations Total Controls 

Participated 249 36 285 329 

Refused 47 33 80 77 

Proband died 19 - 19 0 

Proband adopted 7 - 7 0 

Lost to follow-up 9 40 49 61 

Total in 5-county area 358 114' 472 524 

Participation rate 70% 32% 60% 63% 

" Seven mosaic DS cases were excluded from this total. 
"ncludes cases and controls currently being tracked as well as cases in which 
genotyping studies are in progress. 
'Represents only a portion of total pregnancies terminated for trisomy 21 in 
the 5-county area. The total number is unknown. 
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D21S215, D21S120, D21S258, D21S13, D21S16, D21S192). If For maternal OC use, women who used OC any time before 
parental heterozygosity was retained in the trisomic offspring, 2 months before the date of conception of the index case were 
we concluded that an MI error had occurred. If parental het- considered "prior OC users." Those who used OC any time dur- 
erozygosity was reduced to homozygosity, we designated the error ing the period from 2 months before through 2 months after 
as "MII." We distinguished a mitotic error from an "MII" error the conception of the index case were defined as "current OC 
by evaluating other nonpericentromeric loci. Those cases with users." All "current OC users," except for one case mother, also 
markers that were reduced to homozygosity along the entire had a history of prior OC use. 
chron~osome were considered to be due to mitotic errors, and 
the remainder were designated "MII." The 12 cases caused by 
mitotic errors were excluded from this study. Further details 
about DNA analysis, parental origin, and meiotic stage classifi- 
cation have been described elsewhere.'" 

A standard questionnaire was administered to the parents 
of case and control infants by trained interviewers who were 
blinded to the origin of the chromoson~e error in each case. 
Questions covered demographic factors, pregnancy, medical 
and family history, and environmental exposures including 
maternal cigarette smoking and OC use. The interviews were 
conducted in person with each parent separately. For mater- 
nal cigarette smoking, women were asked if they had smoked 
100 or more cigarettes in their lifetime. Those who said yes 
were asked how old they were when they started smoking, 
whether they had smoked regularly since the onset of 
smoking, the average number of cigarettes they smoked per 
day, and whether they were still smoking at the time of con- 
ception of the index case. Women who had never smoked a 
total of 100 cigarettes were considered nonsmokers (category: 
"never smoked"). Women who had smoked 100 or more cig- 
arettes were classified as "ever smokers," and women who 
smoked at the time of conception were defined as "current 
smokers." The variable, pack-years, was calculated as the aver- 
age number of cigarettes smoked per day times the number of 
years smoked, divided by 20 cigarettes per pack. 

Statistical analysis 

We examined the ORs for the population-based case-control 
data grouped in four ways: ( 1 )  all cases (i.e., PMI, PMII, MMI, 
"MMII': and unknown); (2) all maternally derived cases (includ- 
ing MMI, "MMII," and maternal stage unknown [MM] cases); 
(3) MMI cases only; and (4) "MMII" cases only. In estimating 
ORs, we used all control subjects for each case subgroup. 

We used logistic regression in SAS2' to calculate adjusted 
ORs for the 4 groups of cases. The ORs were adjusted for mater- 
nal age (as a continuous variable), educational attainment of 
the mothers (less than high school and high school or above), 
and racial group (white, black, and others). When the estimated 
OR was significant and the number of cases was less than 5 in 
any cell of the 2-by-2 table, we recalculated the adjusted ORs 
by an exact procedure using LogXact software (CyTEL Soft- 
ware Corp., Cambridge, MA).?' We found no statistically sig- 
nificant difference between the estimates obtained by using SAS 
and LogXact for these adjusted ORs. Therefore, we have reported 
only the ORs from the SAS logistic procedure. 

We examined the interaction effects of maternal smoking and 
OC use within 2 2  months of conception in the following way. 
To maximize the sample sizes in each cell, we collapsed each 
exposure into two categories based on whether the exposures 
were present within 2 2  months of conception of the index case. 
Thus, for smoking, "never smoked" and "ever smoked" cate- 
gories were collapsed into "nonsmokers." Similarly, for OC use, 
the "never used" and "ever used" categories were collapsed into 

Table 2 
Parent of origin ~ n d  timing of the nondislunction error in nonrnosaic DS 

Liveborn TAB" Total Proportion 

Paternal 

M e ~ o s ~ s  I (PMI)  10 1 11 PMIIIPMI + PMII) = 11119 = 57.990 

Stage unknown 1 I 2  

Subtotal I X 3 21 PdtlAll meiotics = 211237 = 8.9% 

Meiosis I (MMI)  151 18 169 MMIIIMMI + "MMII") = 1691206 = 82.0°/0 

"Meiosis ll" ("MMII") 35 2 37 "MMII"l1MMI + "MMII") = 371206 = 18.0°/0 

Stagc unknown 9 1 10 

Suhtotal 195 21 216 M,lt/AII rneiotics = 2161237 = 91.1% 

Mitotics I I 1 12 MitoticsIAll known = 121249 = 4.8% 

Unknown 25 11 6 UnknownIAll = 361285 = 12.6% 

Total cases 249 36 285 

" TAB, therapeutic abortion. 
MMI and "MMII" indicate 01-igin and timing of nondisjunction (see text). 
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"non-OC user." Thus the interaction table included four cate- 
gories for case and control subjects: (1) nonsmoker, non-OC 
user; (2) nonsmoker, OC user; (3) smoker, non-OC user; and 
(4) smoker, OC user. 

We calculated OR estimates for all women as a group as well 
as for women <35 years of age and r 35 years of age separately. 
This division is based on studies which have demonstrated that 
the rise in DS risk is greatest for women 2 35.'-"We also cal- 
culated the ORs for maternal smoking and OC use in women 
<30 and 2 30 years of age and found trends similar to those that 
we obtained using 35 years as a cutoff point (results not shown). 

RESULTS 
Of the 237 meiotic cases for which parental origin could be 

assigned, 9 1.1% were maternally derived and 8.9% were pater- 
nally derived (Table 2 ) .  Among paternal cases, 57.9% of the 
errors occurred during PMI, whereas among maternal cases, 
82.0% of errors occurred during MMI. Because there were too 
few paternally derived cases, we confined our current analy- 
sis to maternal cases (MMI and "MMII"). All analyses were 
done both excluding and including DS cases which were ter- 

minated prenatally. Because we found no differences in the 
results, we combined pregnancy terminations and livebirths 
in the present report. 

Table 3 shows selected characteristics of the case and control 
mothers by meiotic origin of the chromosome error. As expected, 
the mean maternal age of cases (31.5 years) was significantly 
higher than that of controls (27.5; P < 0.05). The mean parity 
(2.5) among mothers of "MMII" cases was significantly higher 
than the parity of mothers of controls and other subgroups (2.0; 
1' < 0.05). This is probably related to the fact that the former 
are older. The proportion of whites was significantly higher 

- - 

among all cases (59.3%) than among controls (49.2%, P < 0.05). 
The proportion of current smokers (21.6%) was significantly 
higher among mothers of "MMII" cases when compared with 
mothers of MMI cases (1 1.8%; P < 0.05). We did not find any 
other significant differences between the mothers of other case 
subgroups or control mothers with respect to the selected char- 
acteristics (Table 3). 

When we analyzed all Down syndrome cases together, we 
found no evidence of an association between maternal ciga- 
rette smoking and the risk for DS (Table 4).  When the cases 

Table 3 
Selected characteristics of case and control mothers by parent of origin and timimg of nondisjunction of chromosome 21 

All Meiotic cases' All Maternal MMI "MMII" Controls 

Characteristic 11 n n n n 

Mean maternal age (SD) 273 31.5 (6.9) 216 31.7 (6.8) 169 31.8 (6.6) 37 32.4 (7.4) 329 27.5 (6.2) 

Mean parity (SD)  273 2.1 (1.4) 216 2.1 (1.4) 169 2.0 (1.2) 37 2.5 (2.0) 329 2.0 (1.3) 

Mean n of miscarriages (SD) 273 0.38 (0.7) 216 0.32 (0.7) I 6 9  0.33 (0.7) 37 0.30 (0.7) 329 0.33 (0.7) 

Education 

Less than high school 35 12.8% 24 11.1% 19 11.2% 4 10.8% 63 19.2% 

High school+ 238 87.2% 192 88.9% 150 88.8% 33 89.2% 266 80.8% 

Race 

White 162 59.3% 130 60.2% 100 59.2% 24 64.9% 162 49.2% 

Black 89 32.6% 69 31.9% 56 33.1% 10 27.0% 142 43.2% 

Other 22 8.1% 17 7.9% 13 7.7% 3 8.1% 25 7.6% 

Maternal smoking 

Never smoked 187 68.5% 152 70.4% 120 71.0% 24 64.9% 225 71.0% 

Ever smoked 86 31.5% 64 29.6% 49 29.0% 13 35.1% 95 28.9% 

Current smoker" 42 15.4% 29 13.4% 20 11.8% 8 21.6% 52 15.8% 

Total pack-years 

< 5 44 16.1% 32 14.8% 26 15.4O/o 6 16.2% 54 16.4% 

2 5  42 15.4% 32 14.8% 23 13.6% 7 18.9% 40 12.2% 

Maternal O C  use 

Never used OC 48 17.6% 39 18.1% 25 17.In/o 6 14.3O/' 
56 17.0% 

Prior O C  users 225 82.4% 177 81.9% 121 82.9% 36 85.7% 273 83.0% 

Current O C  user6 24 8.8% 18 8.3O/0 I 2  8.2% 5 11.9% 49 15.0% 

MMI and "MMII" indicate origin and timing of nondisjunction (see text). OC, oral contraceptive. 
"Current smoker includes mothers who smoked any time from 2 months before to 2 months after conception of the index case. 
Tur ren t  O C  user includes mothers who used O C  any time from 2 months before to 2 months after conception of the index case. All "current O C  users:' except 
one case mother, also had a history of prior O C  use sometime during their reproductive years. 
T h e  category "All meiotic cases" includes the cases of unknown origin. A small proportion of these unknown cases may he mitotic in origin, 
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Table 4 
Association of maternal smoking with nondisjunction of chromosome 21 by origin of error and maternal age: Adjusted OR and 95% CI 

All ages <35 years 2 3 5  years 

Characteristic Case Control OR (95% C l )  Case Control OR (95% C1) Case Control OR (95% CI) 

All meiotic cases" 273 329 175 292 98 37 

Never smoked 187 234 1 .O 122 212 1 .O 65 22 1 .O 

Ever smoked 86 95 0.96 (0.66-1.40) 53 80 1.04 (0.67-1.60) 33 15 0.89 (0.39-2.03) 

Current smoker" 42 52 0.96 (0.60-1.54) 30 47 1.03 (0.61-1.731 12 5 1.15 (0.31-4.22) 

Total pack-years 

< 5 44 54' 1.01 (0.64-1.61 ) 32 47 1.13 (0.68-1.89) 12 7 0.60 (0.21-1.76) 

2 5 42 40 0.94 (0.57-1.56) 21 32 0.95 (0.51-1.77) 21 8 1.24 (0.43-3.54) 

All maternal cases 216 329 137 292 79 37 

Never smoked 152 234 1 .O 96 212 1 .O 56 22 1 .O 

Ever smoked 64 95 0.89 (0.60-1.33) 41 80 0.98 (0.62-1.57) 23 15 0.71 (0.30-1.67) 

Current smoker" 29 52 0.84 (0.50-1.42) 21 47 0.90 (0.50-1.62) 8 5 0.82 (0.20-3.30) 

Total pack-years 

<5 32 541 0.91 (0.55-1.51) 24 47 1.06 (0.60-1.85) 8 7 0.44 (0.14-1.40) 

2 5 32 40 0.90 (0.53-1.55) 17 32 0.93 (0.48-1.80) 15 8 1.03 (0.35-3.09) 

MMI cases 169 329 107 292 62 37 

Never smoked 120 234 1 .O 78 212 1 .O 42 22 1.0 

Ever smoked 49 95 0.85 (0.55-1.32) 29 80 0.86 (0.51-1.44) 20 15 0.78 (0.32-1.89) 

Current smokeP 20 52 0.72 (0.40-1.29) 13 47 0.69 (0.35-1.37) 7 5 0.81 (0.20-3.29) 

Total pack-years 

< 5 26 54' 0.92 (0.54-1.59) 19 47 1.03 (0.56-1.89) 7 7 0.47 (0.14-1.60) 

2 5  23 40 0.80 (0.441.45) 10 32 0.67 (0.31-1.47) 13 8 1.13 (0.37-3.40) 

"MMII" cases 

Never smoked 

Ever smoked 

Current smokef  8 52 1.55 (0.64-3.76) 7 47 2.98 (1.01-8.87) 1 5 0.65 (0.06-7.48) 

Total pack-years 

<5 6 54' 1.04 (0.39-2.75) 5 47 2.23 (0.68-7.32) 1 7 0.24 (0.02-2.56) 

2 5  7 40 1.28 (0.49-3.30) 5 32 2.80 (0.82-9.59) 2 8 0.50 (0.08-3.33) 

MMI and "MMII" indicate origin and timing of nondisjunction (see text). Odds ratios (OR) were adjusted for maternal age (as a continuous variable), 
educational attainment, and racial group. CI, confidence intervals. 
"The categorymAll meiotic cases" includes the cases of unknown origin. A small proportion of these unknown cases may be mitotic in origin. 
bCurrent smoker includes mothers who smoked any time between 2 months before and 2 months after conception of the index case. 
'One control was excluded in calculating total pack-years of smoking because information on  number of cigarettes smoked was not available. 

were analyzed separately by the timing of the error, we found 
suggestive evidence of a differential effect of smoking between 
MMI and "MMII" cases. There was a decreased risk for DS 
among MMI cases and an increased risk for "MMII" cases 
although the ORs were not significant (MMI: OR = 0.72,95% 
CI = 0.40-1.29; "MMII": OR = 1.55,95% CI = 0.64-3.76). This 
differential effect was more pronounced among women younger 
than 35 years and reached significance for "MMII" cases (MMI: 
OR = 0.69, 95% CI = 0.35-1.37; "MMII": OR = 2.98, 95% CI 
= 1.01-8.87; P = 0.0495). Also, among younger women, there 
was suggestive evidence of a dose-response relationship; that 

is, the risk for an "MMII" error among younger women (<35 
years of age) increased from 2.23 (95% CI = 0.68-7.32) to 2.80 
(95% CI = 0.82-9.59) as pack-years increased. 

We then examined the effect of smoking and OC use (Table 
5). For those women younger than age 35 who smoked and 
used OC around the time of conception of the index case, the 
OR for DS was 7.62 (95% CI = 1.63-35.6, P = 0.0098) for 
"MMII" cases (Table 5). There were n o  women r 35 who 
smoked and used OC. We found no interaction effect of mater- 
nal cigarette smoking and OC use when all maternal cases were 
analyzed together, nor was an interaction seen among MMI 
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Table 5 
Associati011 of m'1ter11al smoking ~ n d  oral contr,~ceptivc use ,lround the time of conception w ~ t h  nondisjunction of  chromosome 2 1 

(by origin of the error ,lnd m.iter~i~l ~ g e ) .  Ad j~~s ted  OR and 95uki, CI 

All ages <35 Yeara 235 Years 

Smoking O C  use Case Control OR (95% CI ) c Control OR (95% CI)  Cdsc Control OR ( 9 5 % ~  C1) 

All maternal 

Mhll 

+ + 3 7 5.82 (1.28-26.4) 3 7 7.62 (1.63-35.6) 0 0 - 

MMI and "MMII" indicate origin and timing of nondisjunction (see test).  Odds ratios (OR)  were adjusted for maternal age (as a continuous var~able),  
educational attainment, and racial group. 
Smoking and oral contraceptive use were two dichotomous variables: current smokers (smoklng at 2 2  months of conception of index case) vs nonsmokers (see 
footnote " for explanation), and O C  user ( 2 2  months of conception of index case) vs non-OC users. Plus sign (+  ) indicates exposure, and minus sign ( - ) indi- 
cates no exposure. 
"The category "non-smokers" was formed by collapsing "never-smoked" and "ever-smoked': This grouping was possible because the ORs for those who had 
smoked in the past were not statistically different from unity (Table 4) .  

cases. After controlling for smoking, we found no significant 
association between OC use alone and the risk for DS (Table 5). 

One source of potential bias in retrospective case-control 
studies of environmental exposures is the differential recall 
between case and control subjects.16 To examine the potential 
recall bias in the study of birth defects, Khoury et al." proposed 
using "affected controls," that is, subjects with birth defects other 
than the one under study. We used this approach in the present 
study of "MMII" cases by calculating ORs using all cases other 
than those with an "MMII" error as "affected controls." For 
maternal cigarette smoking, it is apparent that the OR estima- 
tions using "normal controls" (Table 4) and "affected controls" 
(Table 6) are essentially the same. Additionally, using "affected 
controls" to study the interaction between smoking and OC use 
results in OR estimations (Table 6)  similar to those obtained 
using "normal controls" (Table 5). These results suggest that the 
observed association between cigarette smoking among OC 
users and the risk of having an "MMII" error is probably not 
the result of recall bias. 

DISCUSSION 
This is the first study to examine the role of environmental 

factors in trisomy 21 separately by the parent of origin and the 
timing of the nondisjunctional error. Because more than 90% 
of cases are the result of a maternal error and less than 10% are 

the result of paternal nondisjunction, our current sample size 
is only large enough to permit epidemiological studies of the 
maternal cases. 

Our findings demonstrate an increased risk for DS in the 
offspring of women who smoke cigarettes around the time of 
conception. This effect is confined to "MMII" cases among 
women younger than 35 years of age. These results may be due 
to (1) small sample size, (2 )  recall bias, (3) differential intrauter- 
ine survival, or ( 4 )  a true effect of smoking on the meiotic 
process. Sample size will remain an issue, particularly with the 
less frequent "MMII" cases, until additional subjects can be 
enrolled to confirm these findings. However, in the present 
study, we used an exact procedure to validate the significant 
ORs estimated from the logistic analysis. We saw no effects of 
smoking or OC use among older mothers. We need to be cau- 
tious about drawing any conclusions about this group because 
the OR estimates are based on a relatively small number of 
control mothers compared with case mothers in the m 35 age 
group, that is 11% (37 of 329) of control mothers 2 35 years 
old and 36% (98 of 273) of case mothers 2 35 years old. 

Recall bias is not a likely explanation for the differences in 
risks between MMI and "MMII" cases or for the significantly 
increased risk for "MMII" cases among younger mothers. First, 
neither the women who completed the questionnaire nor the 
interviewer was aware of the origin of the n o n d i s j ~ n c t i o n ~ l  
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error. Second, the esti11i;ited ORs based 011 normal controls and 
on "affected"contro1s (i.e., all other I)S cases not due to"MMIIn 
errors) wcrc essentially the s'lmc. 

Differenti,ll intrauterine, survival of"MMIIn cases among moth- 
ers who smoke around the time of conception also seems unlikely. 
If this were the correct eupl;ln;ltion , ~ n d  MI fetuses were more 
sensitive to factors in the intr,~uterine environment, we would 
expect an incre'ised r;itio of Mhll to"MMIIn fetuses among spon- 
taneous abortions iomp;lrtd \vith livehirtlis; however, Zaragoza 
et al.'$ have sho\v~i tI1.1t thcsc r;ltios 'Ire similar. Although several 
studies have suggcsted tIi,lt rnatcrnnl smoking during pregnancy 
m'ly incre,ise the r ~ t c  of spnnt,lncous abortion of DS fetuses,"~"~' 
none has grouped cases sep;lr,ltely by the origin of the nondis- 
junctional error. Additional studies are needed. 

The last possible explanation is that smoking with or with- 
out OC use hiis a true effect on the susceptibility of chromo- 
some 21 to nondisjunction. There is little direct evidence of an 
effect of smoking on meiosis; however, it is well documented 
that n~atern~t l  smoking clel,~ys conception, reduces fecundity, 
increases the risk for spontaneous abortions or early fetal death, 
and causes early men~pause.?" '~ 

With respect to the effect of OC use on the risk for DS, stud- 
ies have produced conflicting results, but in general, no associ- 
ation has been established. Some have suggested that women 
who take oral contraceptives during the months just before con- 
ception or who have OC-breakthrough pregnancies have an 
increased risk of having a baby with DS.3G3h Others have found 
no evidence of an increased risk for DS among the offspring of 

mothers who use OC around the time of conception.374 A delay 
in conception after discontinuing OC use has been reported, 
but whether this is due to anovulation or an abnormality within 
the ovum is not known.42 Pregnancy loss before clinical recog- 
nition of the pregnancy may be incorrectly interpreted as an 
inability to conceive and, in this regard, it is well known that the 
major cause of early fetal loss is ane~ploidy. '~  However, our 
results provide no significant evidence that OC use alone is asso- 
ciated with an increased risk for DS. 

The motivation to examine the combined effects of smoking 
and OC use on meiotic nondisjunction was based on the clear 
evidence of their interactive effects on other health conditions. 
For example, OC use by smokers increases their risk for vascu- 
lar disease, including myocardial infarction, venous thrombo- 
sis, and ~ t r o k e . ' ~ - ' ' ~ ~ ~ , ~ ~  We found a significantly increased risk 
for DS in the offspring of women who smoked and used OC 
around the time of conception and this risk was confined to 
"MMII" cases. 

Our findings are consistent with one hypothesis that has been 
put forward to explain the effect of maternal age on the risk for 
nondisjunction. Gaulden" proposed that hormonal imbalance 
might cause a less-than-optimal microvasculature to develop 
around the maturing oocytes. The resulting decrease in the size 
of the perifollicular bed would reduce the volume of blood flow 
through the area and lead to an oxygen deficit in the egg. In turn, 
the decreased intracellular pH of the oocyte would impair the 
spindle and result in chromosome displacement and nondis- 
junction. Recently, Van Blerkom et al.j7 reported on the rela- 

Table 6 
Association of maternal smoking and OC use with "MMII" nondisiunction of chromosome 21 using affected controls. Adiusted OR and 95% CI 

All ages <35 Years 
-- - 

2 3 5  Years 

Affected 
Maternal smokine Case control" 
- 

Never smoked 24 169 

Current tmoker 8 38 

Total pack-years 

< 5 6 4 1 

2 5 7 38 

Maternal smoking and OC use 

Smoking OC use 

Affected Affected 
OR (95% CI)" Case control" OR (95% ClIh Case control" OR (95% CI)" 

l .0 11 115 1 .0 13 54 1.0 

MMI and "MMII" indicate origin and timing of nondisjunction (see text). 
Smoking and oral contraceptive use are two dichotomous j~ariables: current smokers (smoking at 5 2  months of conception of index case) vs nonsmokers (see 
footnote "or explanation), and OC use at t2 months of conception of index case vs non-OC users. Plus sign ( + )  indicates exposure, and minus sign ( - )  indi- 
cates nonexposure. 
"Affected controls includes all l h w n  syndrome cases cxcept MMII cases (including 12 cases of mitotic origin). 
"Odds ratios were adjusted for maternal age (as a continuous variable), educational attainment, and racial group. 
T h e  estimates of odds ratios were ~~ns t ah le  hecause of the small numbers. 
"The category "non-smokers" was formed by collapsing "never-smoked" and "ever-smoked". This grouping was possible because the ORs for those who had 
smoked in the past were not statistically different from unity (Table 4). 
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tionship between perifollicular blood flow traits and the behav- 
ior of chromosomes within the developing oocytes. They exam- 
ined more than 1000 samples of follicular fluid from human 
oocytes and found that oocytes from severely hypoxic follicles 
had high frequencies of abnormalities in chronlosome organi- 
zation on the metaphase spindle, possibly leading to an increased 
susceptibility to nondisjunction. Furthermore, they found that 
follicle-specific blood flow traits were associated with the intrafol- 
licular oxygen levels. Because OC use among smokers carries 
an increased risk for thromboen~bolism, it is possible that the 
microvasculature of the ovary could be compromised. 
Blockage of small vessels by thromboembolic events would 
impair the delivery of oxygen to the follicles and their develop- 
ing oocytes. We can conjecture that this in turn might affect the 
spindle or some other component of the meiotic mechanism 
such as the chromosome-stabilizing chiasmata. 

The fact that maternal smoking ( ?  OC) increased the risk 
for an "MMII" error and not for an MMI error may shed light 
on the processes leading to nondisjunction. Perhaps the eggs 
destined to be the MMI cases are, because of their absent or mis- 
placed chiasmata, inherently more susceptible to nondisjunc- 
tion as a woman gets older, and the additional effect of 
environmental factors is largely irrelevant. On the other hand, 
the eggs destined to undergo an "MMII" error may have a recom- 
bination pattern that dictates a higher requirement for a second 
hit (age and/or environmental factors) before an actual error 
occurs in chromosome segregation. Alternatively, the finding 
that the effects of smoking and OC are limited to "MMII" cases 
may indicate that the mechanisms leading to "MMII" nondis- 
junction are different from those leading to an MMI error. For 
example, one likely mechanism for MMI cases associated with 
no recombination or distal recombination may be related to 
improper spindle attachment to the kinetochores. Spindle- 
kinetochore attachment may not be a strongly energy-depen- 
dent process. In contrast, the mechanism leading to errors asso- 
ciated with pericentromeric recombination (i.e., "MMII" errors) 
may be highly energy-dependent. It may take a stronger con- 
stant spindle force to ensure correct segregation of homologs 
with a recombinant event very close to the centromere than it 
does with a more distal recombinant event. Our finding that the 
significantly increased ORs were limited to mothers younger 
than the age of 35 may indicate that the true effect of environ- 
mental exposures may only be evident among younger moth- 
ers. That is, in older women, the effect of time alone may be 
sufficient to disrupt meiotic events, and maternal age may obscure 
the effect of any added environmental exposures. 

Research on additional cases is needed to confirm and expand 
upon these findings. Further molecular work on these and sub- 
sequent DS cases will permit us to categorize the cases accord- 
ing to the number and location of recombination events and to 
re-examine the impact of smoking and OC use on these groups. 
In addition, work is in progress to examine smoking and OC 
use in a different DS population. A parallel, population-based 
study has been conducted in Denmark using the same ques- 
tionnaires and the same laboratory methodology. A preliminary 
analysis of the Danish data has not confirmed the findings in 
the present study (unpublished data, 1998). However, adequate 

controls were not available for that population, which limits the 
conclusions drawn from those data. 

The main purpose of this ongoing research is to understand 
the nature of nondisjunction. That is, although studies such as 
this one may indicate that a particular environmental factor 
such as smoking is a risk factor in its own right, the more impor- 
tant outcome of these studies may be their contribution toward 
understanding the basic process of chromosome nondisjunc- 
tion. This knowledge should have significance for all cases regard- 
less of the specific environmental factors that might be involved 
in a few. 
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