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Abstract
Background: Birth weight- and gestational age-specific perinatal mortality curves intersect when
compared across categories of maternal smoking, plurality, race and other factors. No simple
explanation exists for this paradoxical observation.

Methods: We used data on all live births, stillbirths and infant deaths in Canada (1991–1997) to
compare perinatal mortality rates among singleton and twin births, and among singleton births to
nulliparous and parous women. Birth weight- and gestational age-specific perinatal mortality rates
were first calculated by dividing the number of perinatal deaths at any given birth weight or
gestational age by the number of total births at that birth weight or gestational age (conventional
calculation). Gestational age-specific perinatal mortality rates were also calculated using the
number of fetuses at risk of perinatal death at any given gestational age.

Results: Conventional perinatal mortality rates among twin births were lower than those among
singletons at lower birth weights and earlier gestation ages, while the reverse was true at higher
birth weights and later gestational ages. When perinatal mortality rates were based on fetuses at
risk, however, twin births had consistently higher mortality rates than singletons at all gestational
ages. A similar pattern emerged in contrasts of gestational age-specific perinatal mortality among
singleton births to nulliparous and parous women. Increases in gestational age-specific rates of
growth-restriction with advancing gestational age presaged rising rates of gestational age-specific
perinatal mortality in both contrasts.

Conclusions: The proper conceptualization of perinatal risk eliminates the mortality crossover
paradox and provides new insights into perinatal health issues.
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Background
Over 30 years ago, Yerushalmy identified a paradoxical
relationship between maternal smoking and birth weight-
specific neonatal mortality [1]. Neonatal deaths rates
among infants of smokers were lower than among infants
of non-smokers at birth weights of 3000 g or less; the
reverse was true at higher birth weights. In the last 3 dec-
ades, this observation has been confirmed as a general
phenomenon [2,3] which emerges when birth weight- or
gestational age-specific perinatal mortality curves are
compared across plurality, race, parity, infant sex and
country [2–10].

Intersecting perinatal mortality curves present an inferen-
tial challenge. The argument that infants of women who
smoke during pregnancy (or twin infants) are healthier
than the infants of non-smokers (or singleton infants) at
some birth weights but not others lacks biological plausi-
bility and coherence. Sophisticated statistical approaches
[3–11] have been proposed to address this problem and
include explanations based on 'relative birth weight' [4] or
'relative gestational age' [10]. For instance, Wilcox and
Russell [4] showed that examining perinatal mortality
rates across categories of relative birth weight (i.e.,
expressing birth weight in terms of the population mean
and standard deviation) eliminates the crossover
phenomenon.

The relative birth weight formulation has been criticized
because it fails to distinguish between birth weight differ-
ences due to maturity (i.e., higher gestational age) versus
fetal growth (i.e., birth weight for gestational age) [12,13].
However, the most serious criticism of the relative birth
weight and relative gestational age techniques is that they
do not represent a parsimonious solution. Although the
use of relative birth weight [4] and relative gestational age
[3] resolves the perinatal mortality crossover, these
approaches carry onerous implications for epidemiologic
and statistical modeling in medical research where rela-
tive values of determinants (such as adult age or weight)
are rarely used. In this paper, we propose a parsimonious
solution to the paradox presented by intersecting perina-
tal mortality curves.

Methods
We used data on all live births and stillbirths in Canada
from Statistics Canada's live births and stillbirths data-
bases for the years 1991 to 1997 and data for all infant
deaths from the mortality database for the years 1991 to
1998. Information in these databases is obtained from
live birth, stillbirth and death registrations supplied by
Canadian provincial and territorial vital statistics registries
[14]. Information on gestational age in the live birth reg-
istration is obtained from the physician responsible for
the delivery or the mother, while the stillbirth registration

is completed by a physician. Although the method of ges-
tational age ascertainment is not stated in birth registra-
tion documents, previous research suggests that
gestational age information in the database is reliable and
increasingly based on early ultrasound dating, especially
in recent years [15,16]. The live birth and mortality data-
bases have been previously linked in order to obtain peri-
natal information on infant deaths. The linked file has
been subjected to data quality checks in order to eliminate
duplicate records and the completeness and validity of the
linked data has been verified [17]. Births to mothers resid-
ing in Ontario were excluded because of documented
problems with data quality [18] and significant numbers
of unlinked infant deaths.

We first compared the gestational age and birth weight
distributions of singleton and twin live births. We then
contrasted gestational age- and birth weight-specific still-
birth, early neonatal death (0 to 6 days) and perinatal
mortality (stillbirths plus early neonatal deaths) rates
among singleton and twin births. For these analyses, ges-
tational age- and birth weight-specific perinatal mortality
rates were calculated (as per convention) by dividing the
number of perinatal deaths at any given gestational age or
birth weight by the number of total births (stillbirths and
live births) at that gestational age or birth weight.

Subsequent analyses were carried out with the gestational
age-specific stillbirth rate calculated as the number of still-
births at any gestation divided by the number of fetuses at
risk of stillbirth at that gestation. For instance, the denom-
inator for calculating the stillbirth rate at 32 weeks gesta-
tion included all births at 32 weeks and over. This implies
that fetuses at 32 weeks who go on to deliver at 33 weeks
or over are potential candidates for stillbirth at 32 weeks.
We calculated gestational age-specific early neonatal
death rates and gestational age-specific perinatal mortality
rates using the same denominator we used for calculating
gestational age-specific stillbirth rates. This implies that a
fetus at 32 weeks gestation is at risk for birth and for early
neonatal death at that gestation. Stillbirths were viewed as
competing risks (non-independent) in analyses of early
neonatal death [19].

In order to explain gestational age-specific patterns of
mortality, we also calculated gestational age-specific pat-
terns of birth ('birth rates') and fetal growth-restriction
using fetuses at risk as the denominator. Growth restricted
fetuses were identified as those live births with a birth
weight for gestational age less than the 10th percentile of
the recently published Canadian fetal growth standard
[20]. We repeated all analyses using parity (singleton
births to nulliparous vs parous women) as the determi-
nant across which perinatal mortality curves intersect.
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Results
The gestational age and birth weight distributions of twin
live births were 'shifted to the left' as compared with cor-
responding distributions of singleton live births (Figure
1). The stillbirth rate among singleton births was 5.4 per
1,000 total births, the early neonatal death rate was 2.8
per 1,000 live births and the perinatal mortality rate was
8.2 per 1,000 total births. In contrast, twins experienced
substantially higher rates of stillbirth (19.7 per 1,000 total
births), early neonatal death (21.5 per 1,000 live births)
and perinatal mortality (40.8 per 1,000 total births).
Among singletons, 71 percent of perinatal deaths
occurred at preterm gestation (<37 weeks), while this pro-
portion was 92 percent among twins.

Birth weight-specific perinatal mortality rates (conven-
tional calculation) declined sharply with increasing birth
weight and showed the familiar crossover phenomenon;
twins experienced a lower perinatal mortality rate com-
pared with singletons at birth weights <3,000 g and a
higher perinatal mortality rate at 3,000 g and over (Figure
1). Similarly, gestational age-specific stillbirth rates, early
neonatal death rates and perinatal mortality rates (con-
ventional calculation) declined with increasing gesta-
tional age, and the mortality curves for singletons and
twins intersected (Figure 2). For instance, at 35 weeks ges-
tation the perinatal mortality rate among singletons (24.7
per 1,000 total births, Table 1) was more than two times
as high as the rate among twins (11.1 per 1,000 total

Figure 1
Gestational age, birth weight and birth weight-specific perina-
tal mortality among singletons and twins. Legend text: Gesta-
tional age (upper panel) and birth weight (middle panel) 
distributions and birth weight-specific perinatal mortality 
rates (lower panel) among singleton and twin births, Canada 
(excluding Ontario), 1991–97.
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Figure 2
Stillbirth, early neonatal death and perinatal mortality rates 
among singleton and twin births (per convention). Legend 
text: Gestational age-specific stillbirth (upper panel), early 
neonatal death (middle panel) and perinatal mortality (lower 
panel) rates among singleton and twin births calculated as per 
convention (i.e., per 1,000 total births/live births at each ges-
tation), Canada (excluding Ontario), 1991–97.
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births, Table 2). At 39 weeks gestation this relationship
was reversed and the perinatal mortality rate was several-
fold higher among twins (7.7 per 1,000 total births) than
among singletons (2.1 per 1,000 total births).

Stillbirth, early neonatal death and perinatal mortality
rates calculated using the alternative denominator (i.e.,

fetuses at risk for stillbirth, early neonatal death or perina-
tal death) are shown in Figure 3. Mortality rates (per ges-
tational week) were markedly higher at later gestational
ages among both singleton and twin births, although
mortality increases occurred at an earlier gestational age
among twins. Table 1 shows that the perinatal mortality
rate among singletons increased nearly three-fold from

Table 1: Numbers and rates of live births, stillbirths and early neonatal deaths among singletons births, Canada (excluding Ontario), 
1991 to 1997.

Gestational
age

Stillbirths Live births Early
neonatal
deaths

Stillbirth 
rate (1)†

Early neonatal
death

rate (1)†

Perinatal 
mortality 
rate (1)†

Fetuses at 
risk

Stillbirth 
rate (2)†

Early neonatal
death

rate (2)†

Perinatal 
mortality 
rate (2)†

32 288 4,287 125 63.0 29.2 90.3 1,593,933 0.2 0.1 0.3
33 314 5,758 118 51.7 20.5 71.1 1,589,358 0.2 0.1 0.3
34 329 10,661 144 29.9 13.5 43.0 1,583,286 0.2 0.1 0.3
35 318 18,128 138 17.2 7.6 24.7 1,572,296 0.2 0.1 0.3
36 439 41,962 194 10.4 4.6 14.9 1,553,850 0.3 0.1 0.4
37 451 87,566 186 5.1 2.1 7.2 1,511,449 0.3 0.1 0.4
38 552 232,039 252 2.4 1.1 3.5 1,423,432 0.4 0.2 0.6
39 522 356,922 235 1.5 0.7 2.1 1,190,841 0.4 0.2 0.6
40 601 536,302 331 1.1 0.6 1.7 833,397 0.7 0.4 1.1
41 304 245,665 152 1.2 0.6 1.9 296,494 1.0 0.5 1.5
≥42 92 50,433 58 1.8 1.2 3.0 50,525 1.8 1.2 3.0

Total‡ 8,694 1,614,531 4,589 5.4 2.8 8.2 1,623,225 5.4 2.8 8.2

† Total births at each gestational week served as the denominator for stillbirth and perinatal mortality rates (1), while live births at each gestational 
week constituted the denominator for early neonatal death rates (1). Stillbirth, early neonatal death and perinatal mortality rates (2) were calcu-
lated using fetuses-at-risk as the denominator (see text). All rates are expressed per 1,000. ‡ All gestational ages, including those <32 weeks and 
those with missing gestational age.

Table 2: Numbers and rates of live births, stillbirths and early neonatal deaths among twin births, Canada (excluding Ontario), 1991 to 
1997.

Gestational
age

Stillbirths Live births Early 
neonatal 
deaths

Stillbirth 
rate (1)†

Early neonatal 
death

rate (1)†

Perinatal 
mortality 
rate (1)†

Fetuses at 
risk

Stillbirth 
rate (2)†

Early neonatal 
death

rate (2)†

Perinatal 
mortality 
rate (2)†

32 33 1,182 20 27.2 16.9 43.6 31,821 1.0 0.6 1.7
33 29 1,407 14 20.2 10.0 29.9 30,606 0.9 0.5 1.4
34 42 2,513 16 16.4 6.4 22.7 29,170 1.4 0.6 2.0
35 28 3,302 9 8.4 2.7 11.1 26,615 1.1 0.3 1.4
36 28 5,372 15 5.2 2.8 8.0 23,285 1.2 0.6 1.9
37 29 6,835 10 4.2 1.5 5.7 17,885 1.6 0.6 2.2
38 30 6,720 8 4.4 1.2 5.6 11,021 2.7 0.7 3.5
39 15 2,843 7 5.2 2.5 7.7 4,271 3.5 1.6 5.2
40 11 1,246 2 8.8 1.6 10.3 1,413 7.8 1.4 9.2
41 1 129 0 7.7 0.0 7.7 156 6.4 0.0 6.4
≥42 0 26 0 0.0 0.0 0.0 26 0.0 0.0 0.0

Total‡ 703 34,944 753 19.7 21.5 40.8 35,647 19.7 21.5 40.8

† Total births at each gestational week served as the denominator for stillbirth and perinatal mortality rates (1), while live births at each gestational 
week constituted the denominator for early neonatal death rates (1). Stillbirth, early neonatal death and perinatal mortality rates (2) were calcu-
lated using fetuses at risk as the denominator (see text). All rates expressed per 1,000. ‡ All gestational ages, including those <32 weeks and those 
with missing gestational age.
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1.1 per 1,000 fetuses at risk at 40 weeks to 3.0 per 1,000
fetuses at risk at ≥42 weeks gestation (relative risk at ≥42
weeks vs 40 weeks = 2.7, 95 percent confidence interval
[CI] 2.2 to 3.2). Similarly, among twins (Table 2), the
perinatal mortality rate increased from 2.2 per 1,000
fetuses at risk at 37 weeks to 5.2 per 1,000 fetuses at risk
at 39 weeks gestation (relative risk 2.4, 95% CI 1.4 to 4.0).
Stillbirth, early neonatal death and perinatal mortality
curves did not intersect, however, when based on this
alternative formulation of mortality risk. Birth weight-
specific perinatal mortality curves, calculated using births
at a given or higher birth weight category as the denomi-

nator, also did not intersect (not shown). Similarly, gesta-
tional age- and birth weight-specific neonatal and infant
mortality curves did not intersect when rates were calcu-
lated using the fetuses-at-risk approach.

Compared with singleton live births to nulliparous
women, the gestational age distribution of singleton live
births to parous women was slightly shifted to the left
(except at preterm gestation, Figure 4). In contrast, the
birth weight distribution of live births to nulliparous
women was shifted to the left as compared with that of
live births to parous women. Nulliparous women experi-
enced a stillbirth rate of 6.2 per 1,000 total births, an early
neonatal death rate of 2.9 per 1,000 live births and a peri-
natal mortality rate of 9.1 per 1,000 total births, while
these mortality rates were 4.5 per 1,000 total births, 2.8
per 1,000 live births and 7.3 per 1,000 total births, respec-
tively, among parous women. Between 32 and 35 weeks
gestation, perinatal mortality rates (conventional calcula-
tion) among nulliparous women were lower than among
parous women (Figure 4), while the reverse was true at
gestational ages between 38 and 42 weeks. Birth weight-
specific perinatal mortality curves also showed the
expected crossover. When the number of fetuses at risk of
perinatal death was used as the denominator for calculat-
ing gestational age-specific perinatal mortality rates, how-
ever, the curves did not intersect and nulliparous women
had higher rates of perinatal mortality, especially at later
gestational ages (Figure 4).

Gestational age-specific 'birth rates' presaged rising rates
of perinatal death in the singletons-twins contrast. The
same phenomenon was not observed when births to nul-
liparous women were compared with births to parous
women (especially at term gestation, Figure 5). On the
other hand, rising gestational age-specific rates of fetal
growth-restriction preceded increases in gestational age-
specific perinatal mortality rates in both the singleton-
twin and the nulliparous-parous contrasts.

Discussion
We have shown that perinatal mortality curves intersect if
birth weight- and gestational age-specific perinatal mor-
tality rates are based on the number of stillbirths and live
births occurring at any particular birth weight or gesta-
tional age. Further, we have shown that this crossover in
perinatal mortality rates is an artifact caused by an insuffi-
cient appreciation of the candidates at risk for perinatal
death. Gestational age-specific perinatal mortality curves
do not intersect if calculations are based on appropriate
denominators, namely, on all fetuses at risk for perinatal
death. This approach represents the appropriate epidemi-
ologic formulation of risk since all fetuses at any gestation
are at risk of stillbirth and/or neonatal death at that gesta-
tion [Joseph KS. Unpublished manuscript].

Figure 3
Stillbirth, early neonatal death and perinatal mortality rates 
among singleton and twin births (fetuses-at-risk approach). 
Legend text: Gestational age-specific stillbirth (upper panel), 
early neonatal death (middle panel) and perinatal mortality 
(lower panel) rates among singleton and twin births calcu-
lated using the fetuses-at-risk approach, Canada (excluding 
Ontario), 1991–97.
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Perinatal mortality curves (as calculated conventionally)
intersect because the decline in the ratio of deaths to
births is reversed at different gestational ages in dissimilar
populations. This is a consequence of differences in the
gestational age at which 'birth rates' and (true) perinatal
mortality rates increases sharply. Relative birth weight and
relative gestational age resolve the mortality crossover par-
adox because populations with left-shifted inflection
points (at which birth and mortality rates rise) also have
left-shifted birth weight and/or gestational age
distributions.

Births to nulliparous women were shifted to the left with
regard to birth weight but not gestational age (except at
preterm gestation, Figure 4). In fact, fetal growth differ-

ences between live births to nulliparous women and
parous women are well recognized [21]. Despite this
departure from the singletons-twins contrast, our analyses
showed that use of appropriate denominators abolished
the crossover in perinatal mortality rates. Figure 5 shows
that increasing fetal growth-restriction rates presaged the
rise in mortality in both the singletons-twins and nullipa-
rous-parous comparisons. Fetuses in an relatively unfavo-
rable uterine environment typically exhibit higher rates of
growth-restriction and mortality; a left shift in the gesta-
tional age at which growth-restriction rates increase is
attended by a left shift in the gestational age at which mor-
tality rates increase (Figure 5). Analyses of birth data from
the United States (1997 birth cohort) showed similar
results in contrasts involving whites vs blacks and

Figure 4
Gestational age and birth weight distributions and perinatal mortality rates among nulliparous and parous women. Legend text: 
Gestational age (upper left) and birth weight (upper right) distributions and gestational age-specific perinatal mortality rates, 
calculated as per conventional (lower left) and using the fetuses-at-risk approach (lower right), among births to nulliparous vs 
parous women, Canada (excluding Ontario), 1991–97.
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nonsmokers vs smokers [Joseph et al. Unpublished
manuscript]

Our conceptualization of the appropriate denominators
for perinatal death is not new; the correct method of cal-
culating stillbirth rates (risk) at different gestational ages
was proposed over 15 years ago [22,23], while the use of
ongoing pregnancies as the denominator for neonatal and
infant mortality was proposed about 5 years ago [24]. In
recent years, we have carried out several studies [25–31]
using appropriate denominators for gestational age-spe-
cific analyses in which the expected crossover in mortality
was not evident despite demonstrated differences in
gestational age and birth weight distributions. For
instance, we showed no crossover in the gestational age-

specific stillbirth rates among temporally distinct twin
populations [27], no intersection in the gestational age-
specific stillbirth curves of twins and triplets [29], and no
late-gestation crossover in feto-infant mortality rates due
to congenital anomalies among Canadian births in recent
vs earlier periods [26]. Similarly, others have demon-
strated no cross over in stillbirth rates (using fetuses at risk
as the denominator) among whites and blacks [23].

The risk of perinatal death increases with increasing gesta-
tional age. It is not difficult for obstetricians to reconcile
the increases in stillbirth rates with advancing gestation,
since selective early delivery to prevent stillbirth (in high-
risk pregnancies) has been a cornerstone of modern
obstetrics [30,32]. Accepting that early neonatal death

Figure 5
Birth, fetal growth-restriction and perinatal mortality rates among singletons vs twins and nulliparous vs parous women. Leg-
end text: Gestational age-specific birth rates (left) and fetal growth-restriction rates (right) in relation to perinatal mortality 
rates among singletons vs twin births (upper) and among births to nulliparous vs parous women (lower), Canada (excluding 
Ontario) 1991–97.
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rates increase as gestational age advances may present a
challenge, especially for neonatologists, given their expe-
rience with very early gestation vs term live births. Adopt-
ing the proper clinical/biologic viewpoint in this context
involves a change in perspective from that of live-born
infants to that of ongoing pregnancies or fetuses at risk of
perinatal death (the latter term avoids a minor denomina-
tor problem introduced by multiple pregnancies).

Several clinical and epidemiologic implications and cave-
ats emerge from our findings. First, our finding of increas-
ing perinatal mortality with increasing gestational ages
provides the basis for developing a theoretical
justification for recent increases in obstetric intervention
at the population level. Increases in labor induction and
cesarean delivery rates at preterm, term and post-term ges-
tation [30,33,34] are supported by empirical evidence but
not by contemporary obstetric theory (under which peri-
natal mortality rates decrease with increasing gestational
age). Our alternative formulation does not justify indis-
criminate obstetric intervention at any gestation however,
although it does support selective early delivery in high-
risk pregnancy. Our findings also raise concerns about the
assumptions used in the creation of fetal growth stand-
ards. The use of separate fetal growth standards by plural-
ity [35], parity [21], and other factors may missclassify
growth-restricted fetuses at risk for perinatal death.

With regard to epidemiologic and statistical modeling in
perinatal research, the appropriate conceptualization of
the risk set mandates a reexamination of the role of gesta-
tional age (and birth weight). Logistic regression mode-
ling of perinatal mortality with gestational age (or birth
weight) as a determinant implies the conventional
denominators (total births at that gestational age or birth
weight). Mortality crossover is implicit in such a model;
the effect of plurality, maternal smoking, etc will represent
an average of the opposing effects observed across gesta-
tional age categories (unless otherwise specified).
Although gestational age at delivery is highly predictive of
death, it should only be used as a determinant in causal
regression modeling on an ad hoc basis, since gestational
age lies in the pathway between fetal compromise and
death. It should also be noted that measures such as ges-
tational age-specific perinatal mortality, extended perina-
tal mortality (stillbirths plus neonatal deaths) and feto-
infant mortality are based on two time-scale anchors (last
menstrual period and birth) and are preferably replaced
by indices constructed using a time scale with a single
anchor (such as post-menstrual or post-conceptional age
[36]). Finally, population differences in the gestational
age at which perinatal mortality rates increase sharply
(eg., among singletons vs twins) imply that gestational
age-specific incidence (hazard) rates of perinatal death
may not be proportional.

Our study has the limitations that are typical of studies
involving information from large databases. The gesta-
tional age of stillbirths typically represents the physician-
determined gestational age at delivery rather than gesta-
tional age at death. The difference (although systemati-
cally overestimated) is unlikely to be large [22], especially
in recent years, except for twin pregnancies in which one
fetus dies early. This is not a serious limitation in the con-
text of our study, however, as the crossover in perinatal
mortality rates occurred despite this problem (Figure 2).
The approximate nature of our estimates of gestational
age-specific rates of growth- restriction (which are based
on small-for-gestational age live births and represent rates
of 'revealed' growth-restriction) is another study weak-
ness. Other limitations include potential errors in gesta-
tional age, inconsistencies due to data transcription, and
missing information on a small fraction of births. Gesta-
tional age was missing among 12,205 of 1,649,476
(0.7%) live births and among 210 of 9,397 (2.2%) still-
births. Birth weight was missing among 6,599 (0.4%) live
births and 695 (7.4%) stillbirths.

Conclusions
We have provided a parsimonious explanation for inter-
secting perinatal mortality curves which involves a reex-
amination of the epidemiologic issues pertinent to
determining the rate of perinatal death at any given gesta-
tion. While our conceptualization of the candidates at risk
of perinatal death merely invokes or extends previous epi-
demiologic formulations for mortality risk [22–24], it has
important clinical and epidemiologic implications for
conceptualizing perinatal risks more generally.
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