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Abstract

Background There is a reverse J-shaped relation between newborn weight percentile and risk of perinatal mortality.
Perinatal mortality itself is associated with severe maternal morbidity and mortality (SMM-M) around the index
pregnancy, likely because the two share common etiologies, including placental dysfunction. We evaluated an infant’s
birthweight percentile and risk of its mother experiencing SMM-M.

Methods This population-based cohort study was completed within a universal healthcare system in Ontario,
Canada. Included were 2,203,490 singleton livebirths between 2002 and 2020. The study exposure was infant
birthweight percentile for gestational age and sex. The 25th to 75th percentile served as the referent. The main
outcome was SMM-M arising from 23 week’s gestation up to 42 days postpartum. Multivariable modified Poisson
regression generated relative risks (@RRs) and 95% confidence intervals (Cl), adjusted for maternal age, income, rurality,
pre-existing diabetes and hypertension.

Results A J-shaped relation was seen between birthweight and risk of SMM-M. Relative to the 25th to 75th (15.0 per
1000 livebirths), the aRR of SMM-M was 1.27 (95% Cl 1.21, 1.32) at 5th to < 10th, 1.40 (95% Cl 1.28, 1.53) at 2nd to < 3rd,
and 1.48 (95% ClI 1.36, 1.62) at < 1st birthweight percentile. At higher birthweights, the aRR was 1.16 (95% Cl 1.11, 1.21)
at 90th to <95th, 1.24 (95% Cl 1.13, 1.36) at 95th to < 96th, and 1.73 (95% Cl 1.60, 1.87) at > 99th percentile.
Conclusion There is a J-shaped relation between infant birthweight and risk of its mother experiencing SMM-M,
likely due to shared risk factors and a common pathogenesis.

Social media quote Study of 2.2 million births showed a J-shaped relation between newborn birthweight percentile
and severe maternal morbidity.

Synopsis Study question: What is the association between newborn birthweight percentile and severe maternal
morbidity or death (SMM-M)?

What is already known There exists a reverse J-shaped relation between newborn weight percentile and risk of
perinatal mortality. Perinatal mortality itself is associated with severe maternal morbidity and mortality (SMM-M)
around the index pregnancy, likely because the two share common etiologies, including placental dysfunction.
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What this study adds A J-shaped relation was seen between infant birthweight percentile and risk of SMM-M.
Identifying fetuses/newborns at extremes of small- and large-for-gestational age birthweight may provide a novel

opportunity to detect and/or mitigate maternal morbidity.

Keywords Severe maternal morbidity, Maternal mortality, Birthweight, Birthweight percentile, Fetal growth, Infant

mortality, Neonatal mortality

Background

Severe maternal morbidity (SMM) -- a composite mea-
sure of acute morbidity -- is highly predictive of maternal
hospital length of stay and maternal mortality. [1] SMM,
which affects about 1.6% of pregnancies and largely arises
around the time of the index delivery, [2—4] is also associ-
ated with infant mortality and stillbirth. [5] Some com-
mon pre-existing maternal chronic conditions, such as
chronic hypertension and diabetes mellitus, as well as
obesity and nulliparity, are established risk factors for
SMM or maternal mortality. [6- 9] Some of these condi-
tions are also predictors of both poor [10] and excessive
[11, 12, 13] fetal growth. Hence, SMM and abnormal fetal
growth often share similar pre-existing maternal risk fac-
tors and a common pathogenesis, including placental dys-
function (Figure S1).

There is a recognized reverse J-shaped relation between
abnormal fetal growth and the risk of both stillbirth [12,
14, 15] and infant mortality, [16] especially at extremes of
small (SGA) (e.g., < 1st percentile) and large (LGA) (e.g.,
> 99th percentile) for gestational age birthweight, as well
as by the greater degree of prematurity. What remains
unstudied, however, is the relation between extremes of
abnormal birthweight percentile among liveborns and
the risk of that newborn’s mother experiencing SMM
or maternal mortality (SMM-M). In this regard, exclu-
sively studying liveborn infants has some advantages over
including stillbirths. Stillbirths are relatively uncommon,
comprising about 6 in every 1000 births, [14, 17] and
gestational age at birth and corresponding birthweight
percentile are more accurately captured in a standard-
ized manner for liveborn than stillborn fetuses, since an
intrauterine fetal death may occur days in advance of its
recognition or delivery.

It is implausible that abnormal fetal growth can cause
SMM-M, per se. Rather, the current study was under-
taken to explore the risk of a woman experiencing
SMM-M in relation to her liveborn infant’s weight per-
centile to elucidate how extremes of SGA and LGA may
share common pathogenic mechanisms with SMM-M,
some of which may be modifiable upstream.

Methods

Study design and data sources

This population-based cohort study was completed using
administrative data collected within Ontario’s universal
health care system, as described elsewhere, [1, 5, 7] and

listed in Table S1. These datasets are linked using unique
encoded identifiers and analyzed at ICES, and have been
well validated and studied in several prior studies. [1, 18,
19, 20].

The use of data in this project was authorized under
Sect. 45 of Ontario’s Personal Health Information Pro-
tection Act, which does not require review by a Research
Ethics Board.

Population

We identified all singleton hospital livebirths born at >23
weeks’ gestation within the province of Ontario between
September 1, 2002, and March 31, 2020. Excluded were
non-Ontario resident mothers, women aged <10 or >55
years, stillbirths, multifetal births, and newborns with
missing gestational age at birth, birthweight or sex (Table
S1). Multifetal pregnancies were excluded, as they are
more likely to experience poorer fetal growth [21, 22] and
higher maternal morbidity. [23].

Exposures

The main study exposure was an infant’s birthweight
percentile for sex and gestational age, using a percentile
curve for the general Ontario population. [24, 25, 26]
Implausible birthweight for gestational age was handled
according to the method by Alexander et al. [27].

Outcomes
SMM was defined using a modified version that was
developed and validated by the Canadian Perinatal Sur-
veillance System, which is predictive of both maternal
mortality and hospital length of stay [1], [4] (Table S1).
SMM includes more than 40 unique indicators, based
on International Classification of Diseases Canada
(ICD-10-CA) diagnostic codes and Canadian Classifi-
cation of Health Interventions (CCI) procedural codes,
such as ICU admission, eclampsia and severe postpar-
tum haemorrhage, but does not include isolated red cell
transfusion, [1] since the latter tends to generate false-
positive cases. [28] Leading SMM indicators from a simi-
lar Ontarian cohort and era are listed elsewhere (https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC6324398/table/
z0i180201t2/).! Maternal deaths occurring within or out-
side of a hospital setting were identified in the Registered
Persons Database.

SMM-M was principally defined herein as that arising
from 23 weeks’ gestation up to 6 weeks (i.e., 42 days) after
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the index delivery. As a secondary outcome, SMM-M
was re-defined at any time between the index delivery
hospitalization admission date and up to 6 weeks after
the delivery. The latter approach was to tighten the time
interval between newborn weight measurement and the
diagnosis of SMM-M.

Statistical analyses
Baseline newborn and maternal characteristics were pre-
sented as means, medians or proportions.

Univariable fractional polynomial regression and the
RA2 selection algorithm [29, 30] optimally identified
a curvilinear U-shaped-like relation between newborn
weight percentile and SMM-M) from 23 weeks’ gestation
up to 42 days postpartum, with a birthweight at the 25th
to 75th percentile as the reference group (Figure S2). This
reference group has been used elsewhere, [31] and cor-
responds to a category in which SMM-M remains below
the overall rate of 16 per 1000 births previously described
in Canada [32, 33] (Figure S2).

The Main model estimated the relative risk (RR) and
95% confidence interval (CI) of the association between
infant birthweight percentile and SMM-M using modi-
fied Poisson regression with a robust error variance.
Generalized estimating equations with an exchangeable
correlation structure accounted for correlated errors in
the case of more than one birth event within the same
woman. [34, 35] At under the 25th percentile, categories
of birthweight percentile were then presented by fifths
down to the 5th percentile, and then by single percentiles,
since the greatest risk of SMM-M was seen at extremes
of SGA (Figure S2). Likewise, above the 75th percentile,
increments of fifths were used up to the 95th percentile
and then by single percentiles beyond. RRs were adjusted
for maternal age (continuous), residential income quintile
(Q1 or missing, Q2, Q3, Q4, vs. Q5) and rural residence—
each at the time of the index birth -- as well as diabetes
mellitus and chronic hypertension within 2 years before
the index birth (Table S1). All covariates were chosen a
priori, based on our conceptual framework (Figure S1)
and the near-complete availability of those important
variables.

A re-analysis of the Main model replaced the general
population birthweight curve with ones more specific to
maternal ethnicity [24, 25, 26] (Additional analysis A).

The Main model of birthweight percentile and SMM-M
was further stratified by important variables related to
fetal growth and SMM-M, including pre-existing type 1
or 2 diabetes mellitus, chronic hypertension, maternal
parity (parous or nulliparous), and mode of birth (vagi-
nal or Caesarean) (Figure S1). As BMI was often not
collected, a complete case analysis was undertaken, strat-
ifying by a BMI <30 or >30 kg/m>
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Additional analysis B used the same approach as in
the Main model but partitioned the SMM outcome indi-
cators, a priori, into those that might be more likely to
be related to poor fetal growth -- especially mediated by
placental dysfunction [36] (Figure S1) -- and those poten-
tially less related to poor fetal growth (Table S2). In that
modified model, maternal mortality was not included in
the outcome.

All analyses were performed using SAS statistical soft-
ware, version 9.4 (SAS Institute Inc., Cary, NC) and Excel
for Macintosh, version 15.3.9 (Microsoft Corporation,
Redmond, Washington).

Missing data

In the case of missingness on a covariate with counts<6,
missingness was assigned to the referent category. No
data imputation was otherwise indicated nor performed.
As specified above, since BMI was often missing, a com-
plete case analysis was undertaken, then stratifying by a
BMI <30 or >30 kg/m?.

Ethics approval

The use of data in this project was authorized under
Sect. 45 of Ontario’s Personal Health Information Pro-
tection Act, which does not require review by a Research
Ethics Board.

Results

Out of 2,348,761 maternal-infant liveborn pairs identified
during the study period, 145,271 (6.2%) were excluded
(Fig. 1). Among the 2,203,490 included maternal-infant
liveborn pairs, 14.9% of women had pre-pregnancy dia-
betes, 15.9% chronic hypertension, 6.1% had a preterm
birth in the index (i.e., same) pregnancy, 27.7% of births
were by Caesarean section, and 4.3% of their infants had
a congenital or chromosomal anomaly diagnosed in the
first year of life (Table 1).

There were 36,657 SMM-M outcome events (1.7 per
1000 births)— 1728 (4.7%) arising before the index birth
and 34,929 (95.2%) during the index delivery hospitaliza-
tion and up to 6 weeks thereafter.

There was a J-shaped relation between birthweight per-
centile and the risk of SMM-M between 23 weeks’ ges-
tation and 6 weeks postpartum (Main model, Fig. 2). At
the higher birthweight percentiles, adjusting for study
covariates attenuated the RRs in a more pronounced
manner than at the lower percentiles. Relative to the 25th
to 75th percentile birthweight (15.0 per 1000 livebirths),
the aRR of SMM-M was 1.48 (95% CI 1.36, 1.62) at < 1st
percentile, and 1.73 (95% CI 1.60, 1.87) at >99th percen-
tile (Fig. 2). Using birthweight curves specific to mater-
nal ethnicity generated similar effect sizes and a similar
J-shaped pattern (Additional analysis A, Figure S3). For
the secondary outcome of SMM-M arising between the
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2,348,761 Maternal-infant pairs delivered
in an Ontario hospital
September 1, 2002 to March 31, 2020
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145,271 births excluded:
7258 Invalid maternal provincial health care or hospital number, sex, date of
birth, date of death or index delivery discharge date
1866 Non-Ontario maternal residency at the time of the index delivery
55 Maternal age < 10 or > 55 y at the time of the index delivery
13,582 Stillbirth/intrauterine fetal death in the index pregnancy
80,795 Multifetal index pregnancy
2132 Gestational weeks at the index delivery < 23, > 42 or missing
38,553 Invalid infant hospital number, sex, date of birth or date of death
1030 Infant birthweight missing or implausible for gestational age

\ 4

2,203,490 singleton maternal-infant
liveborn pairs

Fig. 1 Flow diagram of cohort creation

index delivery hospitalization and up to 6 weeks thereaf-
ter, a J-shaped pattern persisted (Fig. 3).

In the Main model, the J-shaped pattern of birthweight
percentile and SMM-M between 23 weeks’ gestation and
6 weeks postpartum remained in those with pre-existing
diabetes, with a more U-shaped relation in women with-
out diabetes (Fig. 4). SMM-M was also notably more
prevalent among those with vs. without diabetes. For
example, at the 97th to <98th percentile birthweight, the
rates were 32.0 and 21.5 per 1000 births, respectively. In
women with chronic hypertension, a reverse J-shaped
pattern was much more apparent (Fig. 5). Moreover, at
almost all birthweight percentiles, SMM-M was more
than twice as likely among those with than without
chronic hypertension.

Stratification by pre-pregnancy BMI<30 or >30 kg/
m? showed an attenuated U-shaped relation among the
308,023 pregnancies in whom BMI was recorded (Figure
S4). Among parous women, a U-shaped pattern was seen
(Figure S5, upper), but among nulliparous women, a pro-
nounced J-shape pattern was noted, with markedly high
rates of SMM-M at the upper birthweight percentiles
(Figure S5, lower). The same respective patterns were
seen for vaginal (Figure S6, upper) and Caesarean (Figure
S6, lower) delivery.

Finally, upon partitioning the SMM outcome indicators
into those assumed to be most likely related to poor fetal
growth, such as severe preeclampsia or placental abrup-
tion (see Table S2), the reverse J-shaped relation was
accentuated at the lowest birthweights (Additional analy-
sis B, Figure S7, upper)— an effect markedly blunted for

SMM outcome indicators considered less likely related to
poor fetal growth (Figure S7, lower).

Discussion

Principal findings

In this novel large population-based study of 2.2 mil-
lion singleton newborn-maternal pairs over an 18-year
period, infant birthweight percentile showed an over-
all J-shaped relation to SMM-M arising in pregnancy or
postpartum. Somewhat similar patterns varied accord-
ing to whether the mother had pre-pregnancy diabetes
or hypertension, parity, and gestational age and mode of
birth.

Strengths of the study

This well-powered study illuminated a curvilinear higher
risk of SMM-M at more discrete birthweight percentiles,
especially at < 5th and > 95th centiles. Furthermore, when
we shortened the timeline between birthweight mea-
surement and assessment of SMM-M around the time of
birth, the J-shaped pattern remained strong, increasing
the likelihood of a true relation between the two.

Except for home births, this study included all single-
ton hospital births within a universal health care system,
thereby minimizing selection bias. As only singletons
were studied, the relation between newborn weight and
SMM-M might differ for multiples. [23] Despite their
high specificity, ICD-10-CA hospitalization codes may
lack sensitivity for identifying SMM, [28] likely leading
to non-differential misclassification of the outcome and
a bias towards the null. Conversely, despite the appar-
ent use of appropriate codes, the rates of pre-pregnancy
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Table 1 Baseline characteristics of 2,203,490 Singleton liveborn infants and their mothers. All data are shown as a number (%) unless

otherwise indicated

Characteristic Value

Maternal age groups, y
10-19 64,953 (2.9)
20-34 1,653,579 (75.0)
35-39 400,052 (18.2)
40-44 80,520 (3.7)
45-55 4386 (0.2)

Maternal World region of birth
Canada or long-term resident of Canada
Caribbean or Sub-Saharan Africa
East Asia or Pacific
Hispanic America
Middle East or North Africa
South Asia
Western Nations or Europe
Unknown
Income quintile (Q) at the index delivery
Q1 (lowest) or unknown
Q2
Q3
Q4
Q5 (highest)
Urban residence at index delivery
Parity
0
1
2+
Body mass index category, kg/m?@
<30
>30
Unknown
Pre-pregnancy diabetes mellitus diagnosed within 2 y before, or at the time of, the index birth
Absent
Present
Chronic hypertension diagnosed within 2 y before, or at the time of, the index birth
Absent
Present
Mean (SD) gestational age at index birth, weeks
Preterm birth <37 weeks' gestation at the index delivery
Absent
Present
Caesarean birth at the index delivery
Absent
Present
Female newborn
Absent
Present
Congenital or chromosomal anomaly diagnosed in the first year of the infant’s life
Absent
Present

1,612,192 (73.2)
75,089 (3.4)
139,348 (6.3)
44,179 (2.0)
64,432 (2.9)
178,000 (8.1)
90,135 (4.1)
115 (0.0)

499,000 (22.6)
439,782 (20.0)
450,845 (20.5)
453,474 (20.6)
360,389 (16.4)
1,981,308 (89.9)

972,647 (44.1)
798,266 (36.2)
432,577 (19.6)

246,459 (11.1)
61,564 (2.8)
1,895,467 (86.0)

1,875,591 (85.1)
327,899 (14.9)

1,852,866 (84.1)
350,624 (15.9)

389(1.8)

2,068,492 (93.4)
134,998 (6.1)

1,593,171 (72.3)
610,319 (27.7)

1,130,889 (51.3)
1,072,601 (48.7)

2,107,772 (95.7)
95,718 (4.3)

Limited to 308,023 births (14.0% of all births) with known maternal pre-pregnancy body mass index
SD standard deviation; IQR interquartile range
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Birthweight percentile: Adjusted relative risk (95% Cl)
No. events/no. at risk (rate per 1000)
< 1: 452/20,190 (22.4) DN

1to < 2: 454/22,110 (20.5) —_—

2 to < 3: 475/23,415 (20.3) —_—

3 to < 4: 429/23,455 (18.3) _——

4 t0 < 5: 420/22,538 (18.6) —_

5 to < 10: 2,062/113,759 (18.1) ——
10 to < 15: 1,957/116,876 (16.7) ——

15 to < 20: 1,780/111,520 (16.0)

;

20 to < 25: 1,656/112,500 (14.7) Ho—

25 to < 75: 15,786/1,103,177 (14.3) 1.00 (ref.)
75 to < 80: 1,741/109,448 (15.9) ——
80 to < 85: 1,652/104,844 (15.8) ——
85 to < 90: 1,783/108,089 (16.5) ——
90 to < 95: 1,880/106,287 (17.7) ——

95 to < 96: 406/21,293 (19.1) S

96 to < 97: 424/21,386 (19.8) -

97 to < 98: 479/20,722 (23.1) _—
98 to < 99: 491/21,300 (23.1) —_—

>99: 597/20,581 (29.0) —_—

09 10 11 12 13 14 15 16 17 18 19 20 21 22

Fig. 2 (Main model). Risk of severe maternal morbidity or death from 23 weeks' gestation up to 6 weeks postpartum, in relation to newborn weight
percentile. Relative risks (RR) are adjusted for maternal age, income quintile and rural residence- each at the time of the index birth -- as well as diabetes
mellitus and chronic hypertension within 2 years before the index birth

diabetes mellitus and chronic hypertension herein were  hypertension, respectively. In the presence and absence
much higher than expected. [37] One explanation is that  of these pre-existing conditions, the relation between
these diagnostic codes were incorrectly applied to women  newborn weight percentile and SMM persisted, In nei-
with gestational diabetes mellitus and pregnancy-induced ther case is this potential over-classification of chronic
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Birthweight percentile: Adjusted relative risk (95% CI)
No. events/no. at risk (rate per 1000)
< 1:452/20,190 (22.4) —_—

1to < 2: 454/22,110 (20.5) S NS

2 to < 3:475/23,415 (20.3) —_——

3 to < 4: 429/23,455 (18.3) _—

4to < 5:420/22,538 (18.6) —_——

5 to < 10: 2,062/113,759 (18.1) —o—
10 to < 15: 1,957/116,876 (16.7) ——

15 to < 20: 1,780/111,520 (16.0)

7

20 to < 25: 1,656/112,500 (14.7) +o—

25 to < 75: 15,786/1,103,177 (14.3) 1.00 (ref.)
75 to < 80: 1,741/109,448 (15.9) —o—
80 to < 85: 1,652/104,844 (15.8) ——
85 to < 90: 1,783/108,089 (16.5) —o—
90 to < 95: 1,880/106,287 (17.7) ——

95 to < 96: 406/21,293 (19.1) —_—

96 to < 97: 424/21,386 (19.8) S

97 to < 98: 479/20,722 (23.1) _—
98 to < 99: 491/21,300 (23.1) —_——

>99: 597/20,581 (29.0) [ N —

09 10 11 12 13 14 15 16 17 18 19 20 21 22

Fig. 3 Risk of severe maternal morbidity or death from the index birth hospitalization up to up to 6 weeks postpartum, in relation to newborn weight
percentile. Relative risks are adjusted for maternal age, income quintile and rural residence— each at the time of the index birth -- as well as diabetes mel-
litus and chronic hypertension within 2 years before the index birth
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Birthweight percentile:
No. events/no. at risk (rate per 1000)
<1:495/21,563 (23.0)

1t0<2:512/23,904 (21.4)

2to < 3: 509/23,348 (21.8)

RR (95% Cl)

_—o—

3to<4:479/24,539 (19.5) ——

4 to < 5:492/25,265 (19.5) _—

5 to < 10: 2,276/118,424 (19.2)

——
10 to < 15: 2,114/117,400 (18.0) ——
—>—

15 to < 20: 1,948/114,656 (17.0)

20 to < 25: 1,729/118,440 (14.6)  —O—

25 to < 75:16,555/1,096,995 (15.1) 1.00 (ref.)

75 to < 80: 1,668/105,861 (15.8) +O—

80 to < 85: 1,817/105,585 (17.2) ——

85 to < 90: 1,748/102,919 (17.0) ——

90 to < 95: 1,916/103,732 (18.5) ——

95 to < 96: 401/20,569 (19.5) ——

96 to < 97: 423/19,789 (21.4)

97 to < 98: 474/20,133 (23.5)

98 to < 99: 488/20,323 (24.0)

> 99: 613/20,045 (30.6)

09 10 11

12 13 14 15 16 17 18 19 20 21 22

Fig. 4 Risk of severe maternal morbidity or death from 23 weeks' gestation up to up to 6 weeks postpartum, in relation to newborn weight percentile,
stratified by the absence or presence pre-pregnancy diabetes mellitus. Relative risks (RR) are adjusted for maternal age, income quintile and rural resi-

dence- each at the time of the index birth -- as well as chronic hypertensi

hypertension or pre-pregnancy diabetes mellitus “hid-
den” from the reader. Rather, as shown in Figs. 4 and 5,
in the presence or absence of these pre-existing condi-
tions, the relation between newborn weight percentile
and SMM persisted.

on within 2 years before the index birth

Recorded birthweight, gestational age and newborn
sex are the determinants of birthweight percentile. In
Ontario, at least 95% of pregnancies have an antenatal
ultrasound, [38] and the currently used administrative
datasets have a high accuracy for determining gestational
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Birthweight percentile: RR (95% CI
No. events/no. at risk (rate per 1000,

r < 1:260/16,103 (16.1)

1to<2:259/17,937 (14.4)

R N
D
2t0<3:291/19,202 (15.2) _—
3 to < 4:255/19,263 (13.2) ——
4to<5:263/18,643 (14.1) ——
5 to < 10: 1,269/94,764 (13.4) —0—
10 to < 15: 1,261/98,382 (12.8) O—

15 to < 20: 1,146/94,014 (12.2)

4

20 to < 25:1,150/95,342 (12.1)
= 25 to < 75: 11,975/937,012 (12.8) 1.00 (ref.)

75 to < 80: 1,320/92,201 (14.3) ——

No chronic hypertension

80 to < 85: 1,278/87,872 (14.5) ——
85 to < 90: 1,398/90,107 (15.5) ——
90 to < 95: 1,438/87,849 (16.4) ——
95 to < 96: 288/17,386 (16.6) —_—
96 to < 97: 295/17,367 (17.0) —_—
97 to < 98: 342/16,593 (20.6) _—
98 to < 99: 337/16,982 (19.8) —_—

- 299: 406/15,847 (25.6) _——

r <1:217/4,087 (53.1) -
1to < 2:219/4,173(52.5) P S
2to <3:216/4,213(51.3) P D N
3 to < 4:203/4,192 (48.4) D N —
410 <5:182/3,895 (46.7) -
5 to < 10: 922/18,995 (48.5) D
10 to < 15: 819/18,494 (44.3) I
15 to < 20: 730/17,506 (41.7) _———
20 to < 25: 609/17,158 (35.5) —_——
25 to < 75: 4,590/166,165 (27.6) 1.00 (ref.)

75 to < 80: 474/17,247 (27.5) ——

Chronic hypertension
|

80 to < 85: 449/16,972 (26.5) ———
85 to < 90: 468/17,982 (26.0) ——+
90 to < 95: 501/18,438 (27.2) —

95 to < 96: 134/3,907 (34.3) _—

96 to < 97: 144/4,019 (35.8) _—

97 to < 98: 154/4,129 (37.3) _—

98 to < 99: 180/4,318 (41.7) -

L >99: 215/4,734 (45.4) -

Fig. 5 Risk of severe maternal morbidity or death from 23 weeks' gestation up to up to 6 weeks postpartum, in relation to newborn weight percentile,
stratified by the absence or presence of chronic hypertension. Relative risks (RR) are adjusted for maternal age, income quintile and rural residence- each
at the time of the index birth -- as well as diabetes mellitus within 2 years before the index birth
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age at birth. [39] The birthweight percentiles used herein
were previously derived using the Ontario population of
liveborn singletons, and then further considered mater-
nal World region of birth as a proxy for maternal ethnic-
ity. [24, 25, 26] The current Canadian definition of SMM
has been validated against maternal mortality and mater-
nal hospital length of stay and is like that used in the U.S.
and by the WHO. [1, 3, 4, 26] Other women who expe-
rienced SMM and then had a stillbirth, or had not given
birth at all (as in the case of a rare maternal death whilst
pregnant), were not captured herein. Even so, stillbirths
are relatively uncommon, [14, 17] stillbirth birthweight
measurement may be less accurate, and 95% of SMM-M
events herein arose between the index birth hospitaliza-
tion and the 6-week postpartum period.

Limitations of the data

While the current study considered several common fac-
tors associated with abnormal fetal growth, [36] other
unmeasured confounders could explain some of our find-
ings, such as prior pregnancy morbidity, acquired cho-
rioamnionitis or other serious infections, net pregnancy
weight gain and smoking (Figure S1). Nevertheless, in
Ontario, the prevalence of smoking in pregnancy is only
8.8% and heavily correlated with income status and rural-
ity. [40] Importantly, among women with diabetes and
hypertension, we did not account for glycemic or blood
pressure control, respectively, nutrition, or related medi-
cation use. Thus, residual confounding could explain the
study findings. For the observed aRR of 1.48 for SMM-M
at a birthweight < 1st percentile, and aRR of 1.73 at >99th
percentile, for example, the calculated E-values would
be 2.32 and 2.85, respectively. Those E-values suggest
that unmeasured confounding could explain away those
associations only if those unmeasured confounders more
than doubled the risk of SMM among either the unex-
posed or the exposed. [41].

Maternal BMI was often not known in this study. A
low and a high BMI may distinctly confound the rela-
tion between fetal growth and SMM-M (Figure S1). In
a study completed in Ontario using similar datasets, we
contrasted those with a recorded vs. a missing BMI and
found little difference in demographic or clinical variables
between the two groups. [42] Certainly, a more robust
exploration of the interaction between BMI and birth-
weight percentiles can be considered in a future study.
Also needed is an evaluation of a sub-set of SMM indica-
tors expected to be more related to excess fetal growth,
akin to Additional analysis B (Table S2, Figure S7).

Interpretation

Prior studies are lacking on birthweight percentiles and
SMM-M risk. One insightful study disaggregated its com-
posite of neonatal morbidity (CNM) into that potentially
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related to hypoxic newborn events (e.g., bronchopul-
monary dysplasia or hypoxic-ischemic encephalopa-
thy) and that related to traumatic newborn events (e.g.,
osseous fracture or brachial plexus palsy). [43] Therein,
among newborns SGA <10th percentile, hypoxic CNM
was 1.44 times higher compared to the 10th to 90th per-
centile birthweight referent, while traumatic CNM was
1.88 times higher at >90th percentile birthweight. [43]
In analogy to the CNM example, there was a heightened
relation between newborn SGA and certain SMM indica-
tors posited to be more likely related to poor fetal growth
(Table S2), as shown in Figure S7. This type of approach
also underscores the value of performing additional
analyses that can more specifically align certain SMM
indicators with the risk factor being tested. [44] It is well
recognized that placental vascular disease can restrict
fetal growth and predispose to preterm birth, [45] while
also heightening the risk of severe preeclampsia, placen-
tal abruption and antepartum haemorrhage (Figure S1),
and the ensuing need for maternal critical care. [45].

In the presence of chronic hypertension, severe SGA
had a pronounced reverse J-shaped relation to SMM-M
(Fig. 5, lower). Women with hypertension have the high-
est rate of placental abruption, especially at the lowest
birthweight centiles. [46] Severe LGA was associated
with SMM-M herein. This pattern was seen in the Main
model and was more pronounced, both in absolute and
relative terms, in women with pre-pregnancy diabetes
(Fig. 4). Others have described a higher risk of severe
postpartum haemorrhage and advanced perineal trauma
in women giving birth to an infant weighing>4000 g,
especially > 4500 g. [47].

At least one third of cases of SMM are believed to
be preventable, [48] and about 95% of SMM-M events
occurred herein at the index delivery or soon thereafter.
The latter strongly suggests that abnormal fetal growth
develops gradually, antecedent to SMM-M; nevertheless,
they are each often related to placental vascular disease,
as discussed above.

In women with pre-pregnancy diabetes, observational
data suggest that improved peri-conceptional glycemic
control is associated with a reduction in SMM-M, pre-
term birth and perinatal mortality. [49] Multiple random-
ized clinical trials (RCT) have also shown a reduced risk
of fetal growth restriction, preterm birth and severe pre-
eclampsia with the initiation of low-dose aspirin before
16 weeks’ gestation in high-risk women. [50] RCTs also
suggest that blood pressure lowering therapy can pre-
vent severe hypertension, severe preeclampsia, placental
abruption and preterm birth but may heighten the risk of
SGA. [51].

An intrapartum Maternal Early Warning Trigger tool --
based on maternal vital signs around the time of labour
and delivery -- may reduce the incidence of SMM. [52]
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Whether the addition of a relatively static measure, like
fetal or newborn weight percentile, improves that tool
is worthy of exploration, while considering those SMM
indicators likely to be paired with severe SGA or LGA.
Furthermore, there exists the possibility that SMM-M
might be forecasted by upstream indicators of abnormal
fetal growth. Yet, published clinical prediction models
for SMM-M have not included fetal growth measures
acquired by prenatal ultrasonography. [53, 54] Further-
more, among low-risk pregnancies, the additional mea-
surement of a cerebroplacental ratio near to term was
recently shown to reduce severe neonatal morbidity
compared with fetal growth assessment alone. [55] While
high-quality studies of fetal growth velocity [56] and
Doppler-based measurement of fetal well-being [55] have
assessed neonatal outcomes, maternal adversity was not
evaluated therein. Hence, the added value of such infor-
mation, often available from within existing electronic
prenatal records, should be tested within a related clinical
prediction model of SMM-M. Finally, in the prediction
of SMM-M, artificial intelligence-based deep learning
models might not only utilize text-based measures of
fetal growth, but also real-time sonographic images. [57]
Such analyses may reveal other patterns describing fetal
growth and ensuing SMM-M that are not necessarily like
the curvilinear relations seen herein.

Conclusions

A J-shaped relation exists between discrete birthweight
percentiles and the risk of SMM-M. It should be deter-
mined whether identifying fetuses at extremes of SGA
and LGA can help detect and mitigate impending mater-
nal illness in some cases.
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