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Background The aim of this study was to elucidate the role of gestational age in
determining the risk of neonatal morbidity among infants born late
preterm (34–36 weeks) and early term (37–38 weeks) compared
with those born full term (39–41 weeks) by examining the contri-
bution of gestational age within the context of biological determin-
ants of preterm birth.

Methods This was a retrospective cohort study. The sample included single-
ton live births with no major congenital anomalies, delivered at
34–41 weeks of gestation to London-Middlesex (Canada) mothers
in 2002–11. Data from a city-wide perinatal database were linked
with discharge abstract data. Multivariable models used modified
Poisson regression to directly estimate adjusted relative risks
(aRRs). The roles of gestational age and biological determinants
of preterm birth were further examined using mediation and mod-
eration analyses.

Results Compared with infants born full term, infants born late preterm
and early term were at increased risk for neonatal intensive care
unit triage/admission [late preterm aRR¼ 6.14, 95% confidence
interval (CI) 5.63, 6.71; early term aRR¼ 1.54, 95% CI 1.41, 1.68]
and neonatal respiratory morbidity (late preterm aRR¼ 6.16, 95%
CI 5.39, 7.03; early term aRR¼ 1.46, 95% CI 1.29, 1.65). The effect
of gestational age was partially explained by biological determin-
ants of preterm birth acting through gestational age. Moreover,
placental ischaemia and other hypoxia exacerbated the effect of
gestational age on poor outcomes.

Conclusions Poor outcomes among infants born late preterm and early term are
not only due to physiological immaturity but also to biological
determinants of preterm birth acting through and with gestational
age to produce poor outcomes.
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Introduction
Preterm birth is defined as delivery prior to 37 weeks
of gestation. Although infants born toward the end of
this preterm period were traditionally assumed to be
‘low risk,’ recent research has shown increased risk
for neonatal morbidity and mortality associated with
late preterm birth (34–36 weeks) and early term birth
(37–38 weeks). However, it is unclear to what extent
these risks are associated directly with being born
early or with the reasons for preterm birth.

Compared with term infants, infants born late pre-
term are at increased risk for neonatal intensive care
unit (NICU) admission,1,2 hospital readmission2–4 and
longer hospital stay.5 They are also at greater risk for
respiratory morbidities,1,3,5,6 temperature instability,5,6

hypoglycaemia,5,6 sepsis,1,2 hyperbilirubinaemia,3,5,6

necrotizing enterocolitis,2 neurological morbidities,1,2

and even neonatal and infant mortality.7 Typically,
the comparison group for infants born late preterm
is those born at 37 weeks of gestation or later.
However, research has shown that the median gesta-
tional age is 39 weeks.8 Moreover, infants born at 37
and 38 weeks are at increased risk, compared with
their full term peers (39–41 weeks), for NICU admis-
sion,9 hospital readmission10 and longer stay;9,10

respiratory9 and other9,11,12 neonatal morbidities;
and mortality.13 Whereas some studies have failed
to find increased risk at 38 weeks,9,14 the majority
of the literature points to the need to examine early
term infants as a separate group.15

Although there is evidence for physiological imma-
turity in the late preterm and early term periods,16 it
is possible that poor outcomes among infants born
late preterm and early term are associated not only
with being born early but also with the reasons for
being born early.17 Moreover, in utero exposure to
these pathological conditions associated with early de-
livery may even exacerbate the risk of poor out-
comes.18 Previous studies have attempted to address
this by examining differences among medically indi-
cated and spontaneous preterm deliveries.19,20

However, this distinction has limited aetiological

significance because maternal medical conditions are
observed not only in medically indicated preterm birth
but also in spontaneous preterm birth.21 The onset of
labour (i.e. physician-initiated or spontaneous) should
be considered separately from the presence of mater-
nal medical conditions which contribute to a patho-
logical intrauterine environment regardless of the
nature of labour onset. Only a handful of studies
have examined the impact of specific maternal med-
ical conditions on neonatal outcomes among infants
born late preterm and early term.22 These ‘biological
determinants of preterm birth’ can be categorized as
infection and inflammation, placental ischaemia and
other hypoxia, endocrine triggers and other biological
determinants23,24 (see Figure 1).

Objectives
The overall aim of this study was to elucidate the role
that gestational age plays in determining risk of neo-
natal morbidity among infants born late preterm and
early term compared with those born full term by
examining the contribution of gestational age within
the context of biological determinants of preterm
birth. The research questions were as follows:

(i) How does the risk of poor neonatal outcomes
among infants born late preterm and early term
compare with that of infants born full term?

(ii) Does gestational age act as a partial mediator
between biological determinants of preterm
birth and poor neonatal outcomes?

(iii) Do biological determinants of preterm birth
modify the effect of gestational age on poor
neonatal outcomes?

Methods
Study design and setting
This retrospective cohort study was conducted in
London, Canada. Ethics approval was obtained from
the University of Western Ontario Health Sciences

Prenatal factors:
- Maternal socio-
demographic 
variables
- Maternal lifestyle 
variables

Biological 
determinants of 
preterm birth:
- Infection and 
inflammation 
- Placental ischemia 
and other hypoxia
- Endocrine triggers
- Other 

Labour 
onset

Gestational 
age

Neonatal 
outcomes

Figure 1 Study conceptual model
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Research Ethics Board and from the Lawson Health
Research Institute Research Office. Two administra-
tive data sources, a city-wide perinatal database and
the hospitals’ discharge abstract database, were used.
These databases collect information on all births
occurring at two teaching hospitals (a level II hospital
and a level III hospital) which together service the
needs of a population of approximately 360 000 local
residents with over 5000 births annually. The study
period covered births between 1 April 2002 and 31
March 2011, affording a sample size of 38 807 births
after exclusions.

The data sources were linked using infant chart
number. The accuracy of this linkage was assessed
by comparing variables available in both data sources.
If there were discrepancies, the infant was excluded
from the analysis according to a set of predetermined
rules (see Figure 2).

Participants
Several criteria were used to define the study popula-
tion: (i) resident of the City of London or Middlesex
County, Canada, (because high risk transfers from
outside the region to the level III centre have
unique risks for maternal and/or neonatal morbidity);
(ii) born at 34–41 weeks of gestation (because risks
associated with very preterm birth are well estab-
lished, and post-term deliveries have higher risk for
morbidity and mortality than full term deliveries25);
and (iii) singleton gestation (because twins and
higher order multiples have differential risks for
early delivery26 and poor outcomes27).

After formulation of the study population, two ex-
clusion criteria were applied to derive the study
sample. First, infants with major congenital

anomalies were excluded, since major congenital
anomalies are associated with both earlier gestational
age and with morbidity and mortality.7 (Major con-
genital anomalies were defined as life-threatening,
disabling or requiring major surgery, including
chromosomal trisomies.) Second, stillbirths and neo-
natal deaths were excluded (refer to the Limitations
section for a discussion of this decision).

Data sources
The perinatal database contains information on
mothers’ socio-demographic characteristics, health
during pregnancy and basic neonatal outcomes. Data
for all deliveries of infants 520 weeks of gestation or
5500 g birthweight28 were abstracted from medical
records and entered into the database. A comprehen-
sive coding manual, with definitions consistent with
the International Classification of Disease (ICD),
guides the coding and recording of all information.
The data arise from clinical activity and are primarily
used for clinical audits and research; recording health
information in the database is therefore part of hos-
pital protocol. The database was established over 30
years ago and is managed by a team with extensive
data collection and management experience.

The discharge abstract database contains diagnostic
information on a primary and secondary diagnosis as
well as up to 23 additional diagnoses for all infants.
Diagnoses are recorded using ICD-10 codes.29 The
database was constructed to enable submission of
standardized clinical and administrative information
on inpatient discharges to the Canadian Institute for
Health Information (CIHI). Data are put through a
series of coding quality checks prior to being sent to
CIHI.30

Measures
Gestational age was based on best obstetric estimate,
as recorded in the perinatal database, using the
mother’s last menstrual period and first trimester
ultrasound. The last menstrual period estimate was
used if a first trimester ultrasound estimate was
within 4 days of the expected date of delivery; other-
wise, the ultrasound estimate was used. (In Canada,
very few women do not have a prenatal ultrasound.
The first ultrasound is, on average, at 14 weeks of
gestation, and 66.8% of women receive their first
ultrasound prior to 18 weeks.31) Gestational age was
based on completed weeks [i.e. birth at 36 6/7 weeks
(259 days)¼ gestational age of 36 completed
weeks].32 Infants were classified as late preterm
(34–36 weeks of gestation), early term (37–38
weeks) or full term (39–41 weeks), consistent with
U.S. National Institute of Child Health and Human
Development definitions.32

Two outcomes were assessed: NICU triage/admission
and neonatal respiratory morbidity. NICU triage/admis-
sion was determined from the perinatal database and
was used to reflect the overall burden of morbidity

Included in the study: 
N = 38 807 

Singletons, born at 34-41 weeks, 
between 04/2002 and 03/2011 in 

London, Canada to London-
Middlesex residents: N = 39 810 

Eligible for the study: 
N = 39 438 

Exclusion criteria:
- Major congenital anomaly: N = 285 (0.72%) 
- Stillbirth or neonatal death: N = 110 (0.28%) 

Discrepancies between data sources:
- Gestational age different by > +/- 1 week: 
N = 428 (1.09%) 
- Sex different: N = 145 (0.37%) 
- Date of birth different by >1 day: N = 13  
(0.03%) 

Figure 2 Study flow chart
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necessitating specialized care. Infants who were triaged
were those who were evaluated for NICU admission
for a serious morbidity but were not admitted. Triage
was included in this outcome definition because it was
expected that this would capture morbidities that did
not meet the criteria for admission but that were im-
portant enough to warrant special attention. At the
time of data collection, only the level III centre had
NICU facilities. At the level II centre, infants requiring
specialized care were admitted to the specialized nur-
sery; for these analyses, this was also considered ‘NICU
triage/admission.’ Information on neonatal respiratory
morbidity was obtained from ICD-10 codes29 in the
discharge abstract database and included codes P22.0,
P22.1, P22.8, P22.9, P27.1 and P29.3 (i.e. respiratory
distress syndrome, transient tachypnoea of the new-
born, other respiratory distress of the newborn, respira-
tory distress of the newborn unspecified,
bronchopulmonary dysplasia and persistent pulmonary
hypertension, respectively).

Biological determinants of preterm birth were categor-
ized based on definitions used in the previous litera-
ture23,24 and included: infection and inflammation
(i.e. bacterial vaginosis, chorioamnionitis, other intra-
uterine or systemic infections, premature rupture of the
membranes), placental ischaemia and other hypoxia
[i.e. preeclampsia, eclampsia, gestational and chronic
hypertension, small for gestational age (<5th percent-
ile), placenta praevia, placental abruption, other bleed-
ing at 420 weeks of gestation, vascular disease] and
other biological determinants (i.e. gestational and pre-
existing diabetes mellitus, polyhydramnios, oligohy-
dramnios). Each mother was coded according to
whether or not she had one or more of the conditions
within each category of the biological determinants of
preterm birth. In the perinatal database, depression and
anxiety are noted on the basis of medication use and not
diagnosis. Therefore, endocrine triggers were not
included in this analysis because it was impossible to
disentangle the effects of depression and anxiety from
those of the medications used to treat them.33

Several variables were assessed for their roles as
confounders. Potential confounders were selected
based on the literature review and on the causal
thinking used in the conceptual model. Information
on all confounders was obtained from the perinatal
database. These variables included prenatal socio-
demographic and lifestyle variables (i.e. maternal
age, maternal marital status, median neighbourhood
family income, parity, previous preterm delivery, pre-
vious spontaneous or induced abortion, prenatal care,
smoking during pregnancy, drug use during preg-
nancy, alcohol use during pregnancy); other maternal
medical conditions thought to present a risk to the
pregnancy (i.e. anaemia, autoimmune conditions,
connective tissue disorders, hormonal disease, gastro-
intestinal disease, haematological disease, renal dis-
ease, respiratory disease); labour variables (i.e. cord
complications, forceps, vacuum extraction); and

additional covariates (i.e. infant sex). Non-reassuring
fetal heart rate, fetal distress and labour onset (i.e.
caesarean section without labour, induced labour or
spontaneous labour) were not included in the multi-
variable analyses because they were considered to be
on the causal pathway.

Statistical analyses
SAS 9.234 was used for all analyses. Descriptive ana-
lyses included frequencies and percentages to describe
the sample. Univariable modified Poisson regression
(using SAS PROC GENMOD)35 was used to assess
unadjusted associations between the covariates and
the outcomes of interest prior to multivariable
analyses.

To address the first research question, adjusted rela-
tive risks were directly estimated using multivariable
modified Poisson regression35 with generalized estimat-
ing equations (GEE)36 to adjust the variance for non-
independence due to multiple deliveries to the same
mother throughout the study period. Parsimonious
models for each outcome were built using blockwise
entry of variables according to the following conceptual
categories: prenatal socio-demographic and lifestyle
variables, biological determinants of preterm birth,
other pre-delivery covariates, labour variables, gesta-
tional age and additional covariates. To achieve a con-
servative balance between the dual objectives of
eliminating bias and minimizing variance, a liberal sig-
nificance level of P <.20 was used to retain covariates at
each step,37 and confidence intervals were used in the
final models to reflect clinical rather than statistical sig-
nificance (due to the large sample size).38

To address the second and third research questions,
additional analyses were performed on the final multi-
variable models produced for the first research question.
To address research question two, GEE was used to test
the significance of the difference in coefficients between
full (with gestational age) and reduced (without gesta-
tional age) models using methods described by
Schluchter.39 This difference in coefficients represents
the indirect effect of the biological determinants of pre-
term birth (i.e., ‘through’ gestational age).39

To address research question three, additive inter-
action was explored by calculating the relative
excess risk (RERI) due to interaction
(RERI¼RR11�RR10�RR01þ 1).40 Confidence inter-
vals were calculated using the MOVER (method of
variance estimates recovery) technique.40 (Note that
for RERIs, 0 indicates no excess risk.)

Results
Infants born between 1 April 2002 and 31 March 2011
(N¼ 39 438) were eligible for the study. Of these, 631
(1.6%) were excluded due to discrepancies between the
two data sources following linkage. This left a sample of
38 807 infants (see Figure 2). Table 1 summarizes the

NEONATAL MORBIDITY, LATE PRETERM AND EARLY TERM BIRTH 805

D
ow

nloaded from
 https://academ

ic.oup.com
/ije/article/43/3/802/759429 by guest on 08 August 2022



Table 1 Sample characteristics (N¼ 38 807)

N/total %

Prenatal socio-demographic and lifestyle variables

Maternal age

<20 years 1935/38 796 4.99

20-34 years 30 332/38 796 78.18

535 years 6529/38 796 16.83

Maternal marital status

Single (never married) 5677/38 135 14.89

Widowed, separated, divorced 468/38 135 1.23

Common-law 5971/38 135 15.66

Married 26 019/38 135 68.23

Median neighbourhood family incomea

$50,000-$59,999 8797/38 807 23.14

$60,000-$69,999 15 174/38 807 39.10

$70,000-$79,999 6174/38 807 15.91

$80,000-$89,999 5863/38 807 15.11

$90,000 or more 2617/38 807 6.74

Parity

Nulliparous 17 184/38 807 44.28

Primi/multiparous 21 623/38 807 55.72

Previous preterm delivery

Yes 2073/38 807 5.34

No 36 734/38 807 94.66

Previous abortion (spontaneous, induced)

Yes 12 415/38 806 31.99

No 26 391/38 806 68.01

Prenatal care

None/inadequate (<4 visits
at 36 weeks)

558/38 807 1.44

Normal/adequate 38 249/38 807 98.56

Smoking during pregnancy

Yes 6492/38 806 16.73

No 32 314/38 806 83.27

Drug use during pregnancy

Yes 949/38 806 2.45

No 37 857/38 806 97.55

Alcohol during pregnancy

Yes 622/38 804 1.60

No 38 182/38 804 98.40

Biological determinants of preterm birth

Infection and inflammation

Yes 2811/38 807 7.24

No 35 996/38 807 92.76

(continued)

Table 1 Continued

N/total %

Placental ischaemia and other hypoxia

Yes 8098/38 807 20.87

No 30 709/38 807 79.13

Other biological determinants

Yes 3116/38 807 8.03

No 35 691/38 807 91.97

Other pre-delivery covariates

Other maternal medical conditions

Yes 8871/38 807 22.86

No 29 936/38 807 77.41

Labour variables

Cord complications

Yes 12 073/38 807 31.11

No 26 734/38 807 68.89

Non-reassuring fetal heart rate

Yes 5976/38 803 15.40

No 32 827/38 803 84.60

Fetal distress

Yes 791/38 792 2.04

No 38 001/38 792 97.96

Labour onset

No labour 3369/38 805 8.68

Induced labour 14 343/38 805 36.96

Spontaneous labour 21 093/38 805 54.36

Forceps

Yes 2932/38 723 7.57

No 35 791/38 723 92.43

Vacuum extraction

Yes 394/38 803 1.02

No 38 409/38 803 98.98

Gestational age

Gestational age

Late preterm 1838/38 807 4.74

Early term 9606/38 807 24.75

Full term 27 363/38 807 70.51

Other covariates

Infant sex

Male 19 856/38 807 51.17

Female 18 951/38 807 48.83

aCurrency of median neighbourhood family income in Canadian
dollars.
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descriptive statistics for the sample. In the sample,
4.74% of deliveries were late preterm, 24.75% were
early term and 70.51% were full term.

Research question one
The overall rate of NICU triage/admission was 6.86%
(38.89% in late preterm, 7.68% in early term and
4.56% in full term infants). After controlling for con-
founders, infants born late preterm (aRR¼ 6.14, 95%
CI 5.63, 6.71) and early term (aRR¼ 1.54, 95% CI 1.41,
1.68) were at increased risk for NICU triage/admission
compared with those born full term (see Table 2).

The overall rate of neonatal respiratory morbidity
was 3.52% (17.68% in late preterm, 3.76% in early
term and 2.49% in full term infants). After controlling
for confounders, infants born late preterm
(aRR¼ 6.16, 95% CI 5.39, 7.03) and early term
(aRR¼ 1.46, 95% CI 1.29, 1.65) were at increased
risk for neonatal respiratory morbidity (see Table 3).

Research question two
Gestational age was tested as a partial mediator
between the biological determinants of preterm birth
and neonatal outcomes. For each outcome, the total, dir-
ect and indirect effects of each biological determinant
are shown in Table 4. For both NICU triage/admission
and neonatal respiratory morbidity, late preterm and
early term birth partially mediated the effects of infec-
tion and inflammation, placental ischaemia and other
hypoxia, and other biological determinants of preterm
birth on neonatal outcomes.

Research question three
Next, additive interactions between gestational age and
biological determinants of preterm birth were tested
(see Table 5). For NICU triage/admission, there was
no interaction between infection and inflammation
and gestational age. There was evidence of excess risk
due to interaction for placental ischaemia and other
hypoxia and late preterm birth as well as early term
birth. Similar results were seen for other biological de-
terminants of preterm birth and early term birth. For
neonatal respiratory morbidity, there was evidence of
excess risk due to interaction for only placental ischae-
mia and other hypoxia and early term birth.

Sensitivity analyses
The relative risks for the biological determinants of pre-
term birth and gestational age were only slightly atte-
nuated when fetal distress, non-reassuring fetal heart
rate and labour onset (pathway variables) were added
to the multivariable models (data not shown).

Discussion
These findings show that, consistent with previous
research, among infants born late preterm and early

term there is elevated risk for NICU triage/admis-
sion1,2,9 and neonatal respiratory morbidity.1,3,5,6,9

These findings add to a growing body of literature
showing that delivery prior to 39 weeks of gestation
is associated with poor neonatal outcomes.

A unique finding is that this study shows how and
when poor outcomes occur in this late preterm and
early term population. The mediation analysis
showed that a pathological intrauterine environment
(characterized by infection and inflammation, pla-
cental ischaemia and other hypoxia, or other biolo-
gical determinants) acts through early delivery to
produce poor outcomes. In other words, gestational
age is on the causal path between biological deter-
minants of preterm birth and neonatal outcomes.
The moderation analysis adds to this by showing
that infants who are exposed to both pathological
intrauterine conditions and early delivery have
excess risk for poor neonatal outcomes. Previous stu-
dies have acknowledged that factors leading to early
delivery could influence the effects of mild prema-
turity on neonatal outcomes.19,20 However, the ma-
jority of these studies have fallen short of addressing
this hypothesis by only examining whether deliveries
were medically indicated or spontaneous. By exam-
ining the roles of gestational age and groups of bio-
logical determinants of preterm birth that share a
common pathophysiology, this study provides insight
into the ‘upstream’ aetiology of morbidity associated
with late preterm and early term birth. The associ-
ation between infection and inflammation and poor
neonatal outcomes may be explained by the ability
of pro-inflammatory cytokines to produce a ‘fetal in-
flammatory response’.41 Placental ischaemia and
other hypoxia are characterized by impairment of
placental bloodflow which results in reduced delivery
of oxygen and nutrients.42 The mechanisms asso-
ciated with other biological determinants of preterm
birth are less understood; for diabetes, fetal hyper-
glycaemia and hypoxia may play a role.43

Moderated mediation (i.e. when a mediator also
interacts with the exposure) has been the subject of
a considerable amount of theoretical research.44–47

Although there is debate surrounding how to test
this phenomenon (i.e. in separate analyses46 as in
this paper, or in a complex, combined analysis45,47),
the results of the mediation and moderation analyses
in the current study allow one consistent conclusion
to be made: the issue of late preterm and early term
birth cannot be considered in isolation. One must also
consider the reasons for early delivery, which may act
through and with gestational age to produce poor
neonatal outcomes.

Strengths and limitations
A major strength of this study was the ability to link
two city-wide administrative data sources. Together,
these data sources provided rich and detailed infor-
mation on pregnancy, labour and delivery (perinatal
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Table 2 Unadjusted and adjusted associations between covariates and NICU triage/admission

% triaged or
admitted

Unadjusted
RR (95% CI)

Unadjusted
P-value

Adjusted
RR (95% CI)

Adjusted
P-value

Prenatal socio-demographic and lifestyle variables

Maternal age

<20 years 7.96 1.20 (1.02, 1.40) .0149 0.91 (0.77, 1.07) .2505

20-34 years 6.66 reference reference

535 years 7.50 1.13 (1.02, 1.24) .0271 1.12 (1.02, 1.24) .0162

Maternal marital status

Single (never married) 8.77 1.38 (1.25, 1.52) <.0001 —

Widowed, separated,
divorced

7.69 1.21 (0.86, 1.69) .0263

Common-law 7.17 1.12 (1.01, 1.25) .2716

Married 6.38 reference

Median neighbourhood family income

$50,000-$59,999 7.60 1.14 (0.97, 1.33) .1218 —

$60,000-$69,999 6.90 1.03 (0.88, 1.21) .6930

$70,000-$79,999 6.54 0.98 (0.82, 1.16) .8056

$80,000-$89,999 6.07 0.91 (0.76, 1.08) .2817

$90,000 or more 6.69 reference

Parity

Nulliparous 8.14 1.39 (1.29, 1.50) <.0001 1.31 (1.22, 1.42) <.0001

Primi/multiparous 5.85 reference reference

Previous preterm delivery

Yes 9.74 1.45 (1.27, 1.67) <.0001 —

No 6.70 reference

Previous abortion (induced, spontaneous)

Yes 6.95 1.02 (0.94, 1.10) .6394 —

No 6.82 reference

Prenatal care

None/inadequate 19.18 2.87 (2.40, 3.43) <.0001 1.59 (1.31, 1.93) <.0001

Normal/adequate 6.69 reference reference

Smoking during pregnancy

Yes 9.10 1.42 (1.30, 1.55) <.0001 1.07 (0.97, 1.18) .1530

No 6.42 reference reference

Drug use during pregnancy

Yes 22.02 3.40 (2.99, 3.86) <.0001 2.12 (1.82, 2.48) <.0001

No 6.48 reference reference

Alcohol during pregnancy

Yes 11.41 1.68 (1.35, 2.10) <.0001 —

No 6.79 reference

(continued)
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database) and on neonatal outcomes (discharge ab-
stract database). Utilization of these data sources
also enabled us to capture information on all hos-
pital births in London, Canada, during the study
period, thus ensuring the generalizability of results
to the study population. Moreover, the large sample
size allowed for an examination of interactions

between gestational age and sometimes uncommon
biological determinants of preterm birth.

There are several limitations which should be taken
into account. As described by Iams48 in his recent
editorial, our study was subject to issues that charac-
terize all retrospective studies, including potential
data inaccuracy and unavailability of all desired

Table 2 Continued

% triaged or
admitted

Unadjusted
RR (95% CI)

Unadjusted
P-value

Adjusted
RR (95% CI)

Adjusted
P-value

Biological determinants of preterm birth

Infection and inflammation

Yes 16.12 2.62 (2.39, 2.88) <.0001 1.90 (1.72, 2.09) <.0001

No 6.14 reference reference

Placental ischaemia and other hypoxia

Yes 11.45 2.02 (1.87, 2.19) <.0001 1.50 (1.39, 1.62) <.0001

No 5.66 reference reference

Other biological determinants

Yes 12.68 1.99 (1.80, 2.21) <.0001 1.47 (1.33, 1.62) <.0001

No 6.36 reference reference

Other pre-delivery covariates

Other maternal medical conditions

Yes 8.15 1.26 (1.16, 1.37) <.0001 1.08 (0.99, 1.17) .0711

No 6.48 reference reference

Labour variables

Cord complications

Yes 7.45 1.13 (1.04, 1.22) .0024 1.09 (1.01, 1.17) .0299

No 6.60 reference reference

Forceps

Yes 8.02 1.19 (1.04, 1.35) .0090 —

No 6.76 reference

Vacuum extraction

Yes 10.66 1.56 (1.17, 2.08) .0025 1.54 (1.14, 2.07) .0046

No 6.83 reference reference

Gestational age

Gestational age

Late preterm 38.89 8.09 (7.46, 8.77) <.0001 6.14 (5.63, 6.71) <.0001

Early term 7.68 1.68 (1.54, 1.84) <.0001 1.54 (1.41, 1.68) <.0001

Full term 4.56 reference reference

Other covariates

Infant sex

Male 7.91 1.37 (1.27, 1.48) <.0001 1.31 (1.22, 1.41) <.0001

Female 5.77 reference reference

—¼Variable eliminated during model building process.
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Table 3 Unadjusted and adjusted associations between covariates and neonatal respiratory morbidity

% with resp.
morbidity

Unadjusted
RR (95% CI)

Unadjusted
P-values

Adjusted
RR (95% CI)

Adjusted
P-values

Prenatal socio-demographic and lifestyle variables

Maternal age

<20 years 3.72 1.06 (0.84, 1.34) .6379 —

20-34 years 3.52 reference

535 years 3.49 0.99 (0.86, 1.14) .9191

Maternal marital status

Single (never married) 4.44 1.36 (1.18, 1.56) <.0001 1.15 (1.00, 1.33) .0756

Widowed, separated,
divorced

2.78 0.85 (0.49, 1.46) .5505 0.82 (0.48, 1.40) .4638

Common-law 3.95 1.21 (1.05, 1.39) .0098 1.14 (0.99, 1.31) .0534

Married 3.27 reference reference

Median neighbourhood family income

$50,000-$59,999 3.99 1.20 (0.95, 1.51) .1226 —

$60,000-$69,999 3.59 1.08 (0.86, 1.35) .4976

$70,000-$79,999 3.34 1.00 (0.78, 1.29) .9769

$80,000-$89,999 2.92 0.88 (0.68, 1.13) .3151

$90,000 or more 3.32 reference

Parity

Nulliparous 3.88 1.20 (1.08, 1.33) .0008 1.12 (1.01, 1.25) .0255

Primi/multiparous 3.24 reference reference

Previous preterm delivery

Yes 5.64 1.66 (1.38, 1.99) <.0001 —

No 3.40 reference

Previous abortion (induced, spontaneous)

Yes 3.52 1.00 (0.89, 1.12) .9992 —

No 3.52 reference

Prenatal care

None/inadequate 7.53 2.17 (1.62, 2.91) <.0001 1.54 (1.12, 2.12) .0081

Normal/adequate 3.46 reference reference

Smoking during pregnancy

Yes 3.93 1.14 (1.00, 1.31) .0536 —

No 3.44 reference

Drug use during pregnancy

Yes 6.53 1.90 (1.48, 2.43) <.0001 1.33 (1.01, 1.74) .0402

No 3.45 reference reference

Alcohol during pregnancy

Yes 3.70 1.05 (0.70, 1.57) .8114 0.68 (0.45, 1.04) .0734

No 3.52 reference reference

(continued)
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variables. For example, there may have been under-
estimation of neonatal morbidity due to (for NICU
triage/admission) treatment of mild morbidities (e.g.
hyperbilirubinaemia) in the well-baby nursery or (for
neonatal respiratory morbidity) under-documentation
of diagnoses in the discharge abstract database.49

Certain covariates (e.g. cord complications) may
have been overestimated. We were also unable to

completely address the conceptual model owing to
inadequate information on endocrine triggers. Study-
specific prospective collection of data immediately fol-
lowing events of interest would reduce the occurrence
of inaccurate data and would ensure collection of all
variables needed to address the conceptual model.

Also described by Iams,48 our study was limited by
the measurement of gestational age and the

Table 3 Continued

% with resp.
morbidity

Unadjusted
RR (95% CI)

Unadjusted
P-values

Adjusted
RR (95% CI)

Adjusted
P-values

Biological determinants of preterm birth

Infection and inflammation

Yes 6.30 1.90 (1.63, 2.22) <.0001 1.50 (1.29, 1.75) <.0001

No 3.31 reference reference

Placental ischaemia and other hypoxia

Yes 4.73 1.48 (1.31, 1.66) <.0001 1.16 (1.04, 1.31) .0106

No 3.20 reference reference

Other biological determinants

Yes 5.26 1.56 (1.33, 1.83) <.0001 1.25 (1.07, 1.47) .0051

No 3.37 reference reference

Other pre-delivery covariates

Other maternal medical conditions

Yes 3.95 1.16 (1.03, 1.31) .0143 —

No 3.40 reference

Labour variables

Cord complications

Yes 3.61 1.04 (0.93, 1.16) .5237 —

No 3.48 reference

Forceps

Yes 3.82 1.10 (0.91, 1.33) .3420 —

No 3.48 reference

Vacuum extraction

Yes 3.81 1.08 (0.66, 1.78) .7582 —

No 3.52 reference

Gestational age

Gestational age

Late preterm 17.68 7.10 (6.27, 8.05) <.0001 6.16 (5.39, 7.03) <.0001

Early term 3.76 1.51 (1.33, 1.71) <.0001 1.46 (1.29, 1.65) <.0001

Full term 2.49 reference reference

Other covariates

Infant sex

Male 4.30 1.59 (1.43, 1.77) <.0001 1.52 (1.37, 1.69) <.0001

Female 2.71 reference reference

—¼Variable eliminated during model building process.
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assumptions behind its interpretation. There may
have been non-differential misclassification of gesta-
tional age due to ‘mixing’ of adjacent categories (late
preterm/early term or early term/full term). Moreover,
we assume that gestational age is an accurate marker
of fetal maturity. This may be a limitation if different
fetuses have different levels of functional maturity at
a given gestational age. Improvement of measurement
of fetal maturity would make findings in future stu-
dies more robust.

It should be noted that the exclusion of stillbirths
and neonatal deaths from the study sample restricts
the scope of the conclusions; the magnitude of the
risks found for the investigated associations is only
applicable to survivors. Stillbirths were excluded
since the goal of the study was to examine the im-
pacts of both prematurity and the biologicalT
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Table 5 Assessment of additive interaction between biolo-
gical determinants of preterm birth and gestational age

Interaction aRERI (95% CI)a

NICU triage/admissionb

Infection and inflammation

and late preterm birth �0.07 (�1.68, 1.92)

and early term birth �0.55 (�1.10, 0.65)

Placental ischaemia and other hypoxia

and late preterm birth 2.89 (1.78, 4.08)

and early term birth 0.80 (0.45, 1.16)

Other biological determinants of preterm birth

and late preterm birth �0.04 (�1.11, 1.16)

and early term birth 0.44 (0.04, 0.87)

Neonatal respiratory morbidityc

Infection and inflammation

and late preterm birth �0.27 (�2.08, 1.92)

and early term birth �0.30 (�1.03, 0.55)

Placental ischaemia and other hypoxia

and late preterm birth 0.90 (�0.54, 2.44)

and early term birth 0.48 (0.07, 0.92)

Other biological determinants of preterm birth

and late preterm birth 1.58 (�0.36, 4.01)

and early term birth 0.17 (�0.42, 0.79)

aRelative excess risk due to interaction:
RERI¼RR11�RR10�RR01þ 1 (null value¼ 0).40

bControls for maternal age, parity, prenatal care, smoking
during pregnancy, drug use during pregnancy, maternal med-
ical conditions, cord complications, vacuum extraction and
infant sex, as well as the main effects for gestational age and
biological determinants of preterm birth.
cControls for maternal marital status, parity, prenatal care, drug
use during pregnancy, alcohol use during pregnancy and infant
sex, as well as the main effects for gestational age and biolo-
gical determinants of preterm birth.
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determinants of preterm birth. Stillbirth, by defin-
ition, is not a possible consequence of prematurity.50

Both stillbirths and neonatal deaths were extremely
rare in the study population. Any bias resulting from
their exclusion would likely be in the direction of the
null. Results remain useful to clinicians who at these
later gestational ages will be mainly concerned with
risks of morbidity among survivors.

Future research and implications
Future research could build upon this study by further
refining the measurement of biological determinants of
preterm birth through re-examination of the model
using a dataset with diagnostic information on
endocrine triggers and through re-grouping of ‘other
biological determinants’ as understanding of the
pathophysiology of these conditions improves.
Moreover, the inter-relationship between gestational
age and biological determinants of preterm birth
could be investigated in relation to other outcomes of
importance to late preterm and early term birth (e.g.
hypoglycaemia, hyperbilirubinaemia).

A dramatic increase in preterm birth over the past 20
years has received worldwide attention.51 A rise in the

rate of late preterm birth accounts for most of this
increase.52 Moreover, elective deliveries in the early
term period are becoming more common.15 An under-
standing of the causes of poor outcomes in these in-
fants is therefore critical. The risks of early delivery
should be weighed carefully against the risks of pro-
longing pregnancy. Although gestational age remains a
strong predictor of poor neonatal outcomes even
during the late preterm and early term periods, this
study shows that biological determinants of preterm
birth may act through and with gestational age to pro-
duce poor neonatal outcomes.
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KEY MESSAGES

� This study found that, compared with infants born full term (at 39–41 weeks of gestation), infants
born late preterm (34–36 weeks) and early term (37–38 weeks) were at increased risk for neonatal
intensive care unit triage/admission and for neonatal respiratory morbidity.

� The effect of gestational age was partially explained by biological determinants of preterm birth
acting through early delivery to produce poor outcomes; these biological determinants of preterm
birth also exacerbated the effect of gestational age.

� These findings show that it is important to consider the reasons for early delivery when determining
the level of risk associated with late preterm and early term birth.
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