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Australia’s 2019/20 bushfire season was one of the most severe on record, from both land mass burned 
and the economic impact. This extreme weather season allowed the researchers to examine the effect 
of high PM2.5 exposure during high bushfire days on birthweight and gestational age. It is well known 
that bushfire smoke is harmful to human health. However, the impact this has on the developing fetus 
is not yet clear. 25,346 births were assessed, their exposure calculated based on location data, and 
outcomes analyzed. Mothers exposed to high PM2.5 (measured by a 24-hour average PM2.5 greater 
than 25 µg/m3) demonstrated a significant birthweight reduction of 0.77 g per day of exposure. Those 
who were also self-identified as having smoked at any time during their pregnancy were at higher 
risk, with a 1.33 g reduction in birthweight per day of exposure. Gestational age was reduced by 0.01 
days per day of exposure in the total cohort, with no significant difference demonstrated in those who 
smoked. The compounded effects of high PM2.5 exposure may result in birthweight reduction, with 
neonates born to mothers who smoked at increased risk.
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The World Health Organization (WHO) and Global Burden of Diseases study report that ambient air pollution 
levels were above recommended levels for 99% of the world population, resulting in 4.2 million premature 
deaths yearly in 20151,2. Particulate matter (PM) is the most hazardous component of air pollution1,3,4, and 
PM2.5(particles with a diameter of 2.5 μm or less) are of the greatest concern to health due the very small size5. 
The cardiovascular and respiratory system are damaged from inhalation and transport of PM2.5through the 
systemic bloodstream leading to increased morbidity and mortality1,4.

There is currently less evidence for the effects of air pollution on human foeti. However it is considered that 
human foeti are highly vulnerable to air pollution from anthropogenic and natural sources6. Current research 
has highlighted an association between chronic PM2.5exposure and low birthweight and gestational age2. In 
acute PM2.5increases such as those seen in bushfires, the evidence is limited but has highlighted potentially 
similar patterns6,7.

The WHO reports that while most mortality attributable to air pollution occurs in the developing world, 
many countries are at risk, especially during disasters such as bushfires3. Furthermore, human activity causing 
climate change has been linked to increasing global large-scale environmental bushfire events8. Oldenborgh et 
al. attributed an increase of at least 30% in the Fire Weather Index (index used to estimate fire danger), within 
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Australia due to anthropogenic global warming9. Combined with the worsening nature of climate change, this 
represents a severe risk of further bushfire events.

The 2019/20 bushfire season in Australia, known as Black Summer, was of high-severity, caused by unusually 
dry weather conditions, erratic fire behavior, and a combination of human activity and lightning10. Over 17 
million hectares were burnt across mainland Australia, recording the most extensive total area burnt in New 
South Wales (NSW) history10. This resulted in extremely poor air quality, with exposure to PM2.5concentrations 
exceeding the 95th percentile of historical mean data11. The NSW background daily mean PM2.5 level is 8 µg/
m312. Therefore, it is concerning that in 2019, PM2.5levels were over this standard in one or more population 
center(s) on 118 days, compared to 52 days in 201812. Total days over the Australian criteria of poor air quality 
for PM2.5 24 h average threshold of 25 µg/m3in NSW for 2019 peaked at 60 in Armidale13,14.

The bushfire events of 2019/2020 raised further concern about the health impact of smoke particulates 
on pregnant people and their fetuses. However, the majority of health advice at the time focused on pregnant 
people with existing respiratory conditions, and not the health risks for the general pregnant population and 
their foetus15. This lack of clarity demonstrated inadequate existing research to inform individuals, health 
practitioners, and policy makers as to the requirement for health risk mitigation for the human fetus in acute 
peaks of PM2.5 levels.

Further, a 2021 systematic review by Amjad et al6. found few relevant studies on the health risks of bushfire 
smoke, with significant heterogeneity in methodology and resultsand a reduction in birthweight and gestational 
age5. This publication was unable to demonstrate a specific effect measure, however, did highlight in the 7 studies 
looking at birthweight, 6 showed reduction, and for pre-term birth, there were equal studies in each direction. 
Significant limitations noted in this paper included limited confounding factors, ambient air pollution level 
assessment, and variance in exposure assessment. This paper aims to address some of these issues and create a 
standard for research in this area.

A lack of consensus of evidence on the health implications of biomass burning smoke and the recent bushfire 
events in Australia necessitates further investigation16. The relationship between high PM2.5 from bushfire 
smoke during pregnancy and the effect upon neonatal outcomes of birthweight and gestational age is essential 
for protecting human health.

Tobacco smoking is a significant risk factor for mother and baby in pregnancy, causing a multitude of adverse 
outcomes17. Tobacco smoking poses similar risks to exposure to PM2.5, such as low birthweight and increased 
chances of preterm birth6. Hence, exploring the subgroup of pregnant people who smoked during pregnancy 
compared to those who did not is valuable for further investigation. Considering the possibility of a synergistic 
effect between tobacco smoke and bushfire smoke exposure, Kumar et al., in 2021 emphasized the importance of 
studying pregnant people exposed to both bushfire smoke and tobacco smoke as a high-priority research area18.

This study aims to investigate the effects of high PM2.5 during high bushfire smoke days through the 
significant 2019/20 Australian bushfire season on the outcomes of birthweight and gestational in the Hunter 
New England Local Health District (HNELHD) of NSW, Australia. As tobacco smoking presents some of the 
same risks as exposure to PM2.5including low birthweight and higher rates of preterm birth17,19, a secondary 
analysis of those who smoked tobacco at any time during pregnancy and those who did not was included. This 
subgroup’s exposure was measured utilizing the same methodology as the primary group.

The primary hypothesis is that a relationship exists between people exposed to high PM2.5 and a decrease in 
birthweight and gestational age. The secondary hypothesis is that people who report smoking tobacco during 
their pregnancy are at an increased risk for these adverse neonatal outcomes.

Methods
This retrospective cohort study focuses on the suburbs within the Armidale, Beresfield, Gunnedah, Muswellbrook, 
Narrabri, Singleton, and Tamworth regions of NSW that were impacted during the 2019/20 bushfire season20. 
These locations are all based within the local health district (LHD) of Hunter New England (HNE). This LHD 
covers a land area of 132,845 square kilometers and 840,000 people21. In 2021, HNE recorded 11,221 births, 
11.4% of the total number for the state of NSW22. Economically, the health area covers the national census 
areas of Hunter, with a median household income of $1,593 per week, and New England and North West, with 
a median weekly household income of $1,328. These are compared to the Australian national average median 
weekly household income of $1,74623,24. This local health district was selected as it was the single most affected 
LHD by the number of days over the determined threshold (≥ 25 μm/m3)14. As each LHD collects, stores and, 
releases data separately, assessing the state as a whole was not feasible.

Date of birth data was collected from 01/04/2016 through to 31/08/2020. This date range was selected to 
encompass times of no bushfire activity and the significant events of 2019/20 to ensure large cohorts of both 
exposed and non-exposed. This resulted in an initial data set of 126,644 births. However, some records were 
excluded due to the availability of air quality data in that location at the time of birth. The data monitoring 
stations that collect PM2.5 data were not all constructed at the outset of the data collection period. Further 
records were excluded for duplicate entries and suburb locations compared to air quality monitoring locations. 
This resulted in an initial cohort of 27,103 records.

Based on population density data, the sampled population was created using a 30 km radius around the 
Regional and Rural Air Quality Monitoring Network centers. This distance allowed the capture of all residents 
who reside in the local government areas with the monitoring station, per the definition of > 25,000 population25. 
People residing within these suburbs were selected and allocated to their closest monitoring center (Fig. 1)26.

Regional PM2.5 24-hour average data was obtained from the Department of Planning and Environment Air 
Quality Concentration Data (Appendix 1). The centers use either 5014i Beta Continuous Ambient Particulate 
Monitor or Thermo SHARP 5030 Beta Attenuation Method monitors, conformed to Australian and International 
Standards to record hourly PM2.5 levels expressed as mass of particulate matter (micrograms) per cubic meter 
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of air (µg/m3)27. This study used daily average PM2.5recordings from these centers to quantify the cohort’s level 
of exposure as a surrogate for bushfire smoke. This method of quantifying exposure is consistent with previous 
research in this area6,28,29. The data undergoes on-the-field regular diagnostic tests, calibration checks, and post-
data-collection procedures to ensure the quality and reliability of the trends in exposure over time27. In total 
7, monitoring sites were utilized: Beresfield, Singleton, Muswellbrook, Tamworth, Gunnedah, Armidale, and 
Narrabri. If the mother’s address postcode did not fall within the 30 km radius of these sites, their data was 
excluded.

The ObstetriX and eMaternity databases are the Maternal Information System of HNELHD that reports 
to the Ministry of Health30. Following ethics and data access approval from the Hunter New England Human 
Research Ethics Committee (HREC Reference no. 2020/ETH03210) and the Maternal and Gynecology Research 
Governance Committee, the study obtained de-identified records (Appendix 2) for the requested suburbs and 
their corresponding PM2.5 data periods (Appendix 1). The methodology was undertaken adhering to the 
guidelines set out by the HREC.

PM2.5 recordings expressed as micrograms of particulate matter per cubic meter of air (µg/m3) 24-hour 
average were used to quantify the level of exposure of the cohort as a surrogate for bushfire smoke14.

The following maternal and fetal variables were available from the Maternal Information System:

	1.	� Fetal factors: date of birth, gestational age (Weeks and days of completed gestation), birthweight (Grams), 
gender (M/F), birth outcome (Live birth / Stillbirth), type of delivery (Vaginal/Caesarean section/ Instru-
mental) and fetal growth restriction (Confirmed on Ultrasound < 10th Percentile standardized for sex and 
age/Clinically suspected/No).

	2.	� Maternal factors: age, previous pregnancies, smoking during pregnancy (Yes/No), diabetes (Yes/No/Un-
known), hypertension (Yes/No/Unknown), anemia (Yes/No/Unknown), maternal body mass index (BMI) 
and ethnicity (Indigenous/Non-Indigenous).

The factors selected represent those available within the maternity data set from those which are known to have 
an impact on fetal outcomes31.

For analysis, the following binary variables required combining and calculating multiple entries within 
the data set due to numerous areas for adding these datapoints to the database. These included fetal growth 

Figure 1.  Areas of Northern NSW affected by bushfire activity in 2019/20 (illustrated by brown shading) , 
with an overlaid 30 km radius for the selected monitoring centers (red) within HNELHD (blue). Adapted from 
NSW Government26.
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restriction, previous pregnancies, smoking at any time during pregnancy, diabetes, anemia, and hypertension. 
BMI was calculated based on booking weight (Weight at the first visit to the anti-natal clinic) and height.

Gestational age at birth was based on the best clinical estimate using either the last menstrual period or 
dating ultrasound scans. Birthweight is measured in grams and aimed to be taken within the first hour of life.

Categorical variables were combined within the data set, as shown in Appendix 2 (E.g., All fetal anomalies 
recorded were allocated yes in Yes/No categorization). Duplicate entries related to suburbs outside the 30 km 
radius and births outside the PM2.5 data collection period were removed. Exclusion criteria: multiple births, fetal 
anomalies, gestational age less than 24 weeks, and < 400 g birth weights were applied, as seen in Fig. 2. These 
additional exclusion criteria were added due to the viability of the births. These criteria are also seen in Holstius 
et al. 2012 and Abdo et al. 201929,32.

Statistical analysis
Statistical analysiswas performed using STATA 16 software33. We used descriptive statistics to summarize the 
characteristics of the neonates and mothers. The exposure of pregnant people to PM2.5 was quantified using the 
Australian Government Poor Air Quality threshold of greater than 25 µg/m3when given as an average over 24 
h13. Therefore, if the average level recorded for a date was above this threshold, the pregnant people residing 
within that area were considered exposed for one day. This led to a continuous exposure variable calculated from 
the discrete number of days exposed. Self-reported maternal tobacco smoking at any time during the pregnancy 
produced a secondary analysis. These groups were then assessed using linear regression analysis to understand 
the relationship between the exposure and outcomes when controlling for confounders. This assessment was 
undertaken as a separate analysis, with smoking the only additional factor. This analysis followed the same steps 
as that for the complete cohort.

An assessment for multicollinearity was undertaken using variance inflation factor (VIF) with a standardized 
cut-off of 10 considered significant. All variables within the models returned a VIF < 10.

The data was analyzed using linear regression modeling and multivariate analysis. A univariate analysis 
assessing only the exposure variable and outcome variable was initially undertaken before multivariate analysis 
to complete this. The multivariate analysis incorporated the potential confounders (As seen in Table 1) and 
assessed their impact in combination toward the outcome measure. This allowed the assessment of the effects of 
the exposure variable when taken in the context of the other confounders. Therefore, the significance of a single 
confounder can be assessed more clearly.

Regression analysis was completed with an initial univariate analysis, and a full fitting model and reductionist 
methodology were applied to all models. Reported P values and adjusted R-squared values were used to create 
the parsimonious models. At all stages, a P value of < 0.05 was considered significant. Variables that had no 

Figure 2.  Maternal Information System dataset cleaning and application of exclusion criteria.
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Variable 

Non-Exposed 
(N=15117) 

Exposed 
(N=10229) 

Combined 
(N=25346) 

P value Categories or Statistic N (%) N (%) N (%) 

Exposure Variables 

Days of PM2.5 Exposure (>25µg/m3)

Mean (SD) 0 (0) 15.30 (14.97) 6.18 (12.12) 

<0.001 Median (IQR) 0 (0) 9 (30) 0 (2) 

Range 0 1-64 0-64 

PM2.5 Tower 

Armidale 32 (0.21) 712 (6.96) 744 (2.94) 

<0.001 

Beresfield 11,527 (76.25) 6526 (63.80) 18053 (71.23) 

Gunnedah 107 (0.71) 317 (3.63) 478 (1.89) 

Muswellbrook 173 (1.14) 796 (7.78) 969 (3.82) 

Narrabri 132 (0.87) 229 (2.24) 361 (1.42) 

Singleton 694 (4.59) 1023 (10.0) 1717 (6.77) 

Tamworth 2452 (16.22) 572 (5.59) 3024 (11.93) 

Maternal Variables 

Anaemia 

No 7496 (49.59) 4489 (43.89) 11985 (47.29) 

<0.001 Yes 2987 (19.76) 1885 (19.41) 4972 (19.62) 

Unknown 4634 (30.65) 3755 (36.71) 8389 (33.10) 

Birth Type 

Vaginal 9270 (61.32) 6097 (59.61) 15367 (60.63) 

0.002 Instrumental 1357 (8.98) 879 (8.59) 2236 (8.82) 

Caesarean 4490 (29.70) 3253 (31.80) 7743 (30.55) 

BMI 

Mean (SD) 26.74 (6.74) 26.88 (6.58) 26.79 (6.68) 

0.093 Median (IQR) 25.15 (8.36) 25.44 (10.39) 25.26 (8.24) 

Range 12.5-69.56 9.21-72.84 9.21-72.84 

Diabetes 

No 13286 (87.89) 8981 (87.80) 22267 (87.85) 

0.932 Yes 1772 (11.72) 1205 (11.78) 2977 (11.75) 

Unknown 59 (0.39) 43 (0.42) 102 (0.40) 

Ethnicity 

Indigenous 1695 (11.21) 1164 (11.38) 2859 (11.28) 

<0.001Non-Indigenous 13261 (87.72) 9052 (88.49) 22313 (88.03) 

Unknown 161 (1.07) 13 (0.13) 174 (0.69) 

Hypertension 

No 14230 (94.13) 9593 (93.78) 23823 (93.99) 

0.514 Yes 874 (5.78) 627 (6.13) 1501 (5.92) 

Unknown 13 (0.09) 9 (0.09) 22 (0.09) 

Maternal Age (years) 

Mean (SD) 29.33 (5.49) 29.438 (5.42) 29.435 (5.46) 

0.451Median (IQR) 29 (8) 29 (7) 29 (8) 

Range 14-51 15-49 14-51 

Previous Pregnancies 
No 5523 (36.54) 3602 (35.21) 9125 (36.00) 

0.032 
Yes 9594 (63.46) 6627 (64.79) 16221 (64.00) 

Smoking 
No 12518 (82.81) 8502 (83.12) 21020 (82.93) 

0.521 
Yes 2599 (17.19) 1727 (16.88) 4326 (17.07) 

Infant Variables 

Birthweight (g) 

Mean (SD) 3405.08 (561.83) 3405.22 (555.64) 3405.13 (559.33) 

0.985Median (IQR) 3440 (330) 3440 (690) 3440 (670) 

Range 439-5650 570-5410 439-560 

Birthweight Percentile 

Mean (SD) 0.56 (0.29) 0.55 (0.29) 0.55 (0.29) 

0.104Median (IQR) 0.58 (0.5) 0.57 (0.51) 0.58 (0.50) 

Range 0.03-0.98 0.03-0.98 0.03-0.98 

Foetal Growth Restriction 

No 14251 (94.27) 9658 (94.42) 23909 (94.33) 

0.884 
Yes 496 (3.28) 333 (3.26) 829 (3.27) 

Clinical Suspicion 356 (2.35) 227 (2.22) 583 (2.30) 

Unknown 14 (0.09) 11 (0.11) 25 (0.10) 

Continued
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significant impact were removed from the final model. Residual diagnostics, including residual versus fitted plots, 
were used to assess model validity. Regression results were presented as beta coefficients with 95% confidence 
intervals (CI) and P values for each variable.

Results
Table 1 illustrates a descriptive analysis of the complete cohort variables. A significant difference in exposed and 
non-exposed populations was seen in the categorical variables: PM2.5 tower location (The suburb in which the 
air quality monitoring site resided) (P < 0.001), previous pregnancies (P = 0.03), ethnicity (P = < 0.001), birth 
type (P < 0.01) and anemia (P < 0.001). Mean t-testing was performed on continuous variables; only gestational 
age was significant (P = 0.04). Those identified as exposed to high levels of PM2.5 experienced similar rates of all 
variables to those identified as not exposed to high levels of PM2.5. The exposure variable ranged from 0 to 64 
days, with a mean of 6.18 days in the total cohort and 15.3 in the exposed cohort.

Table 2 illustrates descriptive analysis for the secondary cohort variables divided into people who smoked 
(N = 4326) and those who did not smoke (N = 21020). The chi-squared analysis demonstrated a significant 
difference for all categorical variables except gender (P = 0.33) and anemia (P = 0.78). T-test analysis demonstrated 
significant results for all continuous variables other than the expected days of PM2.5 exposure (P = 0.64).

Table 3 shows the birthweight analysis for the complete cohort. Univariate analysis demonstrated a 0.44 
g decrease in birthweight for each day of exposure to PM2.5 over 25 µg/m3 (P = 0.13, 95% CI [1.0, 0.13]). 
Multivariate analysis demonstrated that for each day of exposure to PM2.5 over 25 µg/m3, there was a 0.77 g 
statistically significant reduction in birthweight (P < 0.001, 95% CI [1.19, 0.36]).

In the cohort of mothers who smoked tobacco during their pregnancy, the reduction in birthweight was 
greater than those who did not smoke (Table 4). The univariate analysis demonstrated a non-significant trend for 
a reduction of 0.96 g per day of exposure (P = 0.12, 95% CI [2.42, 0.50]). However, multivariate analysis showed 
a statistically significant reduction of 1.33 g for each day of exposure (P = 0.01, 95% CI [2.33 to 0.33]).

Gestation (Days) was assessed in both the complete cohort and people who smoked tobacco versus those 
who did not. Univariate analysis of the complete cohort demonstrated a non-significant increase in gestation of 
0.01 days for each day of exposure (P = 0.18, 95% CI [0.00, 0.02]) (Table 5). The multivariate modeling shows a 
statistically significant increase of 0.01 days gestation for each day of exposure (P < 0.01, CI [0.00, 0.02]). This 
model was adjusted for birthweight, gender, smoking status, fetal growth restriction, previous pregnancy, birth 
type and maternal BMI.

The univariate analysis for people who smoked tobacco during pregnancy (Table 6) demonstrated a non-
significant gestation increase of 0.01 days for each day of exposure (P = 0.71, CI [-0.03, 0.04]) and non-significant 
multivariate analysis (P = 0.31, CI [-0.01, 0.04]). This model was adjusted for birthweight, gender, diabetes, 
previous pregnancy, and maternal BMI. The fetal growth restriction and birth type variables were excluded 
compared to the complete cohort.

Gender specific analysis was undertaken utilizing the parsimonious models from the complete cohorts. 
The output for both birthweight and gestational age was considered non-significant (P = 0.86, and P = 0.92, 
respectively).

Discussion
In a cohort of 25,346 people who were exposed to PM2.5 levels above and below the Australian Government 
safe level cut off (25 µg/m3 daily average) in the region of Hunter New England, NSW, Australia, the study 
demonstrated a small but statistically significant reduction in birthweight of 0.77 g (P < 0.001) per day of 
exposure. Further, this was shown to have a greater effect in the cohort of mothers who smoked tobacco at 
any time compared to others who did not smoke tobacco at any time, with a 1.33 g reduction (P = 0.01). The 
additional gender analysis demonstrated no difference in birthweight (P= 0.86). Low birthweight is an indicator 
of growth retardation, signifying an increased susceptibility to complications arising from the underdevelopment 
of the pulmonary, nervous, digestive, and immune systems17. Despite the clinical insignificance of the observed 
effect, the combined influence of tobacco and PM2.5, acting synergistically to impact birthweight, underscores 

Variable 

Non-Exposed 
(N=15117) 

Exposed 
(N=10229) 

Combined 
(N=25346) 

P value Categories or Statistic N (%) N (%) N (%) 

Gender 
Male 7823 (51.75) 5245 (51.28) 13068 (51.56) 

0.459 
Female 7294 (48.25) 4984 (48.72) 12278 (48.44) 

Gestation (days) 

Mean (SD) 274.02 (12.82) 274.36 (12.49) 274.16 (12.69) 

0.039 Median (IQR) 275 (13) 276 (13) 275 (13) 

Range 168-304 168-314 168-314 

Table 1.  Descriptive results for the complete cohort. Complete cohort results demonstrating those exposed to 
at least 1 day of PM2.5 over the designated threshold of 25µg/m3 or no days over the threshold and total cohort. 
Key: P value results reflect chi-squared values for categorical variables and mean t-test values for continuous 
variables. “PM2.5 tower” denotes the suburb location of the air quality monitoring site from which the 
exposure variables were collected.
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Variable Category

Non-Smoking
(N = 21020)

Smoking
(N = 4326)

P valueN (%) N (%)

Exposure Variables

Days of PM2.5 Exposure (> 25 µg/m3)

Mean (SD) 6.19 (12.13) 6.10 (12.07)

0.642Median (IQR) 0 (2) 0 (2)

Range 0–64 0–64

PM2.5 Tower Location

Armidale 620 (2.95) 124 (2.87)

< 0.001

Beresfield 15,202 (72.32) 2851 (65.90)

Gunnedah 386 (1.84) 92 (2.31)

Muswellbrook 732 (3.48) 237 (5.48)

Narrabri 282 (1.34) 79 (1.83)

Singleton 1465 (6.97) 252 (5.83)

Tamworth 2333 (11.10) 691 (15.97)

Maternal Variables

Anaemia

No 9928 (47.23) 2057 (47.55)

0.782Yes 4140 (19.70) 832 (19.23)

Unknown 6952 (33.07) 1437 (33.22)

Birth Type

Vaginal 12,577 (59.83) 2790 (64.49)

< 0.001Instrumental 1945 (9.25) 291 (6.73)

Caesarean 6498 (30.91) 1245 (28.78)

BMI

Mean (SD) 26.84 (6.63) 26.56 (6.88)

0.011Median (IQR) 25.26 (8.15) 25.28 (8.98)

Range 9.21–72.84 11.72–64.44

Diabetes

No 18,448 (87.95) 3779 (87.36)

< 0.001Yes 2477 (11.78) 500 (11.56)

Unknown 55 (0.26) 47 (1.09)

Ethnicity

Indigenous 1793 (8.53) 1066 (24.64)

< 0.001Non-Indigenous 19,075 (90.75) 3238 (74.85)

Unknown 152 (0.72) 22 (0.51)

Hypertension

No 19,702 (93.73) 4121 (95.26)

< 0.001Yes 1308 (6.22) 193 (4.46)

Unknown 10 (0.05) 12 (0.28)

Maternal Age (Years)

Mean (SD) 29.71 (5.30) 27.61 (5.89)

< 0.001Median (IQR) 30 (7) 27 (9)

Range 14–51 15–50

Previous Pregnancies
No 7903 (37.60) 1222 (28.25)

< 0.001
Yes 13,117 (62.40) 3104 (71.75)

Infant Variables

Birthweight (g)

Mean (SD) 3450.48 (541.31) 3184.82 (592.25)

< 0.001Median (IQR) 3480 (650) 3210 (740)

Range 439–5650 570–5420

Birthweight Percentile

Mean (SD) 0.57 (0.28) 0.45 (0.30)

< 0.001Median (IQR) 0.60 (0.48) 0.43 (0.53)

Range 0.03–0.98 0.03–0.98

Foetal Growth Restriction

No 20,116 (95.70) 3793 (87.68)

< 0.001
Yes 531 (2.53) 298 (6.89)

Clinical Suspicion 358 (1.70) 225(5.20)

Unknown 15 (0.07) 10 (0.23)

Continued
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the need for heightened efforts in promoting smoking cessation among pregnant people, especially those living 
in areas with high PM2.5 exposure risk, such as bushfire susceptible areas.

The secondary outcome of gestational age found a statistically significant increase of 0.01 days (P < 0.01) for 
each day of exposure in the complete cohort. However, the cohort of mothers who smoked tobacco showed no 
significant change in gestational age.

The negative association between birthweight and exposure to PM2.5demonstrated in this study aligns with 
seven of the eight relevant previous studies6,16,28,29. The O’Donnell and Behie study which, demonstrated a 
positive association, only demonstrated this in the male cohort34. This was not seen in our gender analysis. 
It must be noted, however, that it is difficult to compare the weight reduction in the present study with that of 
previous studies due to the heterogeneity of methodologies and result reporting.

The additional assessment of maternal tobacco smoking was not seen in previous studies. However, it is 
plausible to assume that for people who are exposed to tobacco smoke, the compounded effect of PM2.5leads 
to a greater reduction in birthweight17,18. Other factors such, as additional time spent outdoors to smoke, more 
frequent smoking due to maternal stress, and exposure to second-hand smoke, may also account for the greater 
effect for people who smoke17,18.

While the birthweight reduction was small (0.77 g per day of exposure), including modeling for known 
confounders, the parsimonious model only demonstrated an R2adjusted result of 0.52. This result highlights the 
complexity of measuring birthweight and the potentially significant effect of other risk factors, such as maternal 
education, nutrition, and socioeconomic status, which were not assessed in this cohort35,36.

The analysis of gestational age found a significant increase of 0.01 days (p = 0.003) for each day of exposure to 
PM2.5 over 25 µg/m3 for the complete cohort. While this result is statistically significant, the increase in gestation 
equates to 14.4 min per day exposed, increasing the gestation by approximately 15 h for the most exposed 
mothers, which may not have clinical relevance. Further, it must be noted that the complete model (Before 
reduction) showed non-statistical significance. Therefore, the authors suggest this outcome be interpreted with 
caution.

Although tobacco smoking is a known risk factor for reduction in gestational age17, no statistically significant 
change was found in the group that smoked.

Other studies in the reviewed literature have found various associations between PM2.5exposure and 
gestational age; however, it is difficult to compare the studies due to the differing methods and format of results. 
Abdo et al29. found a 13.2% increase in the chance of preterm birth (classified as 37 weeks or less) for each 
increase of 1 µg/m3 of PM2.5in the second trimester, and O’Donnell & Behie34 found a small but significant 
increase in the incidence of preterm birth (P= 0.04). Two other studies found no statistically significant effect6.

The authors note that between the collection of data and publication, the WHO reduced their safe acute 
PM2.5 24-hour average cut off from 25 µg/m3 to 15 µg/m337. This change was in line with the interim target plan 
from their sustainable development goals, where target 1 was 35 µg/m3, target 2 was 25 µg/m3, target 3 was 15 
µg/m3 and a final target of 10 µg/m3 37. This reduction is in response to a recent meta-analysis (Commissioned by 
WHO) by Orellano et al. (2020) demonstrating a linear relationship between short term PM2.5exposure (Hours 
to 1 week) and all-cause mortality38. However, as noted in the meta-analysis, there is no evidence of a safe level of 
PM2.5 exposure at this time. The varied standards for many countries echo this evolving understanding of PM2.5 
exposure and its health effects. The European Commission outlines a standard of less than 20 µg/m3 averaged 
out over 1 year, which is down from 25 µg/m3in 201539. The United States Environmental Protection Agency 
outlines a 3-year average below 9 µg/m3 40. In contrast, the United Kingdom increased their target range in 2023 
from less than 10 µg/m3 to less than 12 µg/m3averaged over a year41. None of these national guidelines are targets 
for single daily exposures as measured in this study. This lead the authors of this paper to utilize the current 
Australian national standard of less than 25 µg/m3 averaged over 24-hours, as it is known that some geographical 
differences in the relationship between PM2.5exposure and health exist13,38.

Strengths and limitations
One of the key strengths of this study is its large sample size, which includes data collected during a period of 
intense bushfires and high PM2.5. This study also outlined a new methodology for assessing exposure to PM2.5, 
which is feasible, reproducible, and sustainable. It is challenging to disentangle ambient PM2.5 from bushfire 
PM2.5when quantifying maternal exposure, a limitation noted in a systematic review6. Previous studies have 

Variable Category

Non-Smoking
(N = 21020)

Smoking
(N = 4326)

P valueN (%) N (%)

Gender
Male 10,867 (51.70) 2201 (50.88)

0.326
Female 10,153 (48.30) 2125 (49.12)

Gestation (days)

Mean (SD) 274.76 (12.38) 271.29 (13.74)

< 0.001Median (IQR) 276 (13) 273 (14)

Range 168–314 169–303

Table 2.  Descriptive results for people who identified as having smoked during pregnancy at any time 
compared to those who did not. Key: P value results reflect chi-squared values for categorical variables and 
mean t-test values for continuous variables. “PM2.5 tower” denotes the suburb location of the air quality 
monitoring site from which the exposure variables were collected.
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used a combination of satellite imagery, wind direction, and PM2.5 levels to create a µg/m3exposure level6,28,29. 
The methodology within the present study used a count of days exceeding the PM2.5 24-hour average guideline 
level defined by the Australian Government. The ambient PM2.5for NSW is approximately 8 µg/m14; therefore, 
it can be rationally concluded that levels exceeding 25 µg/m3 can be attributed to PM2.5 producing events such 
as bushfires. It must be noted, however, that single or small clusters of days above this threshold do occur in this 
region without bushfires. This can be related to high dust days from dry conditions or coal dust from local mines. 
However, as previously highlighted, the 2019/20 days above the threshold were in unprecedented numbers 
correlating to days of bushfire activity.

The use of location radius to monitoring stations of 30 km from population density may not have accurately 
captured all exposed mothers. However, not limiting the radius may have incorrectly given exposure or non-
exposure counts.

The data set available did not include all variables to impact gestational age and birthweight31. This limitation 
is noted in the review of current evidence by Amjad et al. (2021) as occurring in all current evidence6. At this 

Variable Level

Univariate Full model (R2
a = 0.52) Parsimonious model (R2

a = 0.52)

β 95% CI P Value β 95% CI P Value β 95% CI P Value

Days of PM2.5 Exposure (> 25 
µg/m3) -0.44 1.01, 0.13 0.127 -0.42 -0.86, 0.03 0.065 -0.77 -1.19, − 0.36 < 0.001

Gestation (Days) 28.13 27.71, 28.54 < 0.001 26.59 26.19, 26.99 < 0.001 26.18 25.79, 26.57 < 0.001

Gender
Female -115.85 -129.56, -102.15 < 0.001 -124.59 -134.11, -115.07 < 0.001 -125.62 -135.16, -116.08 < 0.001

Male Ref

Smoking
Yes -265.66 -283.67, -247.65 < 0.001 -141.73 -154.94, -128.52 < 0.001 -141.98 -155.02, -128.94 < 0.001

No Ref

Diabetes

Yes -89.29 -110.65, -67.92 < 0.001 48.86 33.38, 64.33 < 0.001

Unknown -123.71 -232.36, -15.06 0.026 -42.08 -118.37, 34.21 0.280

No Ref

Foetal 
Growth 
Restriction

Yes -1072.41 -1108.07, -1036.74 < 0.001 -617.53 -645.03, -590.02 < 0.001 -620.45 -648.02, -592.87 < 0.001

Clinical 
Suspicion -719.37 -761.69, -677.05 < 0.001 -490.91 -522.90, -458.92 < 0.001 -495.65 -527.72, -463.59 < 0.001

Unknown -897.84 -1099.87, -695.81 < 0.001 -576.64 -729.88, -423.40 < 0.001 -613.61 -765.59, -461.64 < 0.001

No Ref

Ethnicity

Non-Indigenous 76.15 54.39, 97.91 < 0.001 -4.81 -20.39, 10.76 0.545

Unknown -27.95 -113.47, 57.57 0.522 -21.20 -81.63, 39.22 0.492

Indigenous Ref

Previous 
Pregnancy

Yes 93.44 79.14, 107.74 < 0.001 132.44 121.60, 143.29 < 0.001 130.48 120.01, 140.96 < 0.001

No Ref

Hypertension

Yes -233.23 -262.25, -204.20 < 0.001 -40.48 -61.26, -19.71 < 0.001

Unknown -443.15 -675.81, -210.49 < 0.001 -190.63 -353.78, -27.49 0.022

No Ref

Anaemia

Yes 61.25 42.77, 79.72 < 0.001 36.49 23.65, 49.33 < 0.001 39.90 27.07, 52.72 < 0.001

Unknown 31.33 15.73, 46.92 < 0.001 -15.99 -27.57, -4.39 0.007 -16.67 -28.10, -5.25 0.004

No Ref

Birth Type

Instrumental 
Birth 13.64 -11.14, 38.43 0.281 -11.66 -29.33, 6.02 0.196

Caesarean Birth -54.28 -69.55, -39.02 < 0.001 50.54 39.62, 61.47 < 0.001

Vaginal Birth Ref

Maternal Age 0.60 -0.66, 1.86 0.35 -2.50 -3.45, 1.56 < 0.001 -1.79 -2.72, -0.87 < 0.001

Maternal BMI 8.88 7.85, 9.90 < 0.001 8.88 8.13, 9.63 < 0.001 9.67 8.95, 10.39 < 0.001

PM2.5 Tower 
Location

Beresfield 105.33 64.37, 146.30 < 0.001 82.34 51.90, 112.79 < 0.001

Gunnedah 79.76 15.57, 143.95 0.015 33.43 -11.98, 78.84 0.149

Muswellbrook 126.90 73.52, 180.28 < 0.001 73.65 35.17, 112.13 < 0.001

Narrabri 79.91 9.67, 150.15 0.026 103.09 53.28, 152.89 < 0.001

Singleton 156.72 111.66, 207.79 < 0.001 84.62 49.56, 119.68 < 0.001

Tamworth 58.57 13.75, 103.38 0.010 66.53 33.63, 99.43 < 0.001

Armidale Ref

Table 3.  Complete cohort, birthweight regression analysis. Key: ref: reference variable for which all other 
levels within the variable are assessed. “PM2.5 tower” denotes the suburb location of the air quality monitoring 
site from which the exposure variables were collected.
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time, data collection for a complete analysis would require a prospective study as many of the known factors that 
affect birth outcomes are not routinely collected in Australia.

The smoking cohort has additional limitations of unquantifiable smoking exposure. The data available for 
analysis did not quantify the amount smoked, duration of smoking, or time of cessation. These factors, along 
with known confounders associated with smoking, such as socioeconomic status, education levels, and partner 
smoking status, may affect the outcome42.

Finding a decrease in gestational age may be due to data limitations such as, inconsistencies in reporting 
gestational age, reliance on self-reported smoking data, and the use of categorical variables for reporting data.

Implications and recommendations
This research has several implications for future health research and practice. Firstly, it highlights the importance 
of addressing environmental factors, such as high PM2.5and air pollution from bushfires, in prenatal care to 
safeguard maternal and infant health. Additionally, these findings underscore the need for proactive public 
health measures during and after bushfire events, including targeted interventions to mitigate exposure risks 
for pregnant people. Moreover, healthcare providers may need to adapt their approaches to prenatal care and 
monitor infants closely for potential health implications associated with poor air quality exposure. These findings 
may also hold significant relevance for priority populations, such as Aboriginal and Torres Strait Islander 

Variable Level

Univariate Full model (R2
a = 0.58) Parsimonious model (R2

a = 0.57)

β 95% CI P Value β 95% CI P Value β 95% CI P Value

Days of PM2.5 Exposure (> 25 µg/m3) -0.96 -2.42, 0.50 0.199 -0.63 -1.70, 0.44 0.250 -1.33 -2.33, -0.33 0.009

Gestation (Days) 28.67 27.71, 29.63 < 0.001 26.37 25.48, 27.26 < 0.001 26.20 25.33, 27.07 < 0.001

Gender
Female -110.44 -145.61, -75.28 < 0.001 -143.40 -166.53, -120.27 < 0.001 -142.17 -165.35, -118.99 < 0.001

Male Ref

Diabetes

Yes 36.67 -18.58, 91.93 0.193 107.13 69.47, 144.80 < 0.001

Unknown -39.09 -209.50, 131.33 0.653 27.68 -89.19, 144.56 0.642

No Ref

Foetal Growth Restriction

Yes -919.22 -981.81, -856.63 < 0.001 -555.03 -602.16, -507.89 < 0.001 -562.44 -609.70, -515.18 < 0.001

Clinical 
Suspicion -608.93 -680.31, -537.54 < 0.001 -442.10 -494.67, -389.52 < 0.001 -447.29 -499.96, -394.63 < 0.001

Unknown -714.66 -1044.10, -385.23 < 0.001 -455.06 -704.84, -205.28 < 0.001 -486.14 -727.47, -244.81 < 0.001

No Ref

Ethnicity

Non-Indigenous 79.05 38.11, 119.99 < 0.001 28.60 0.46, 56.74 0.046

Unknown 16.48 -233.26, 266.21 0.897 44.47 -121.39, 210.32 0.599

Indigenous Ref

Previous Pregnancy
Yes 22.39 -16.81, 61.60 0.263 101.90 73.24, 130.56 < 0.001 84.67 58.48, 110.87 < 0.001

No Ref

Hypertension

Yes -124.43 -209.87, -38.99 0.004 4.08 -52.62, 60.77 0.888

Unknown 182.38 -517.77, 153.02 0.286 -148.94 -373.13, 75.25 0.193

No Ref

Anaemia

Yes 85.56 37.92, 133.20 < 0.001 52.42 21.11, 83.74 0.001 52.88 21.55, 84.22 0.001

Unknown 2.65 -37.21, 42.52 0.896 -39.44 -67.577, -11.31 0.006 -31.33 -58.80, -3.86 0.025

No Ref

Birth Type

Instrumental 
Birth 73.46 2.16, 144.76 0.043 3.63 -44.41, 51.66 0.882

Caesarean Birth -93.82 -133.267, -54. 37 < 0.001 -5.31 -31.97, 21.34 0.696

Vaginal Birth Ref

Maternal Age -4.08 -7.08, -1.08 0.008 -3.16 -5.32, -0.20 0.004

Maternal BMI 17.13 14.61, 19.64 < 0.001 10.00 8.22, 11.78 < 0.001 10.90 9.19, 12.61 < 0.001

PM2.5 Tower Location

Beresfield 208.53 102.34, 314.72 < 0.001 121.90 46.32, 197.49 0.002

Gunnedah 319.82 160.53, 479.10 < 0.001 130.43 23.46, 237.41 0.017

Muswellbrook 294.47 166.17, 422.77 < 0.001 134.90 46.12, 223.68 0.003

Narrabri 91.35 -75.29, 257.99 0.283 89.53 -23.26, 202.33 0.120

Singleton 278.05 151.06, 405.03 < 0.001 95.50 6.96, 184.04 0.035

Tamworth 176.82 63.92, 289.77 0.002 95.48 16.72, 174.24 0.018

Armidale Ref

Table 4.  Smoking cohort, birthweight regression analysis. Key: ref: reference variable for which all other levels 
within the variable are assessed. “PM2.5 tower” denotes the suburb location of the air quality monitoring site 
from which the exposure variables were collected.
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people, individuals using substances, and those experiencing mental health concerns who exhibit higher rates of 
smoking during pregnancy17,18.

Since these findings are preliminary, additional research, both qualitative and quantitative, in the field of 
health services is necessary to understand current practices and determine the most effective approaches for 
managing PM2.5 exposure during prenatal care. A comprehensive examination of public health and policy 
measures is essential for making recommendations in both practice and policy.

Conclusion
This research analyzed 25,346 pregnant people and their newborns using the eMaternity database in NSW, 
Australia, alongside published air quality data from regions impacted by the 2019/20 bushfire season. This study 
underscores that exposure to high PM2.5 during pregnancy may lead to decreased birthweight, particularly 
pronounced in cases where mothers also smoked tobacco. Although a slight increase in gestational age was 
observed across the entire cohort, its clinical significance is limited.

Variable Level

Univariate Full model (R2
a = 0.47)

Parsimonious model 
(R2

a = 0.46)

β 95% CI P Value β 95% CI P Value β 95% CI P Value

Days of PM2.5 Exposure (> 25 
µg/m3) 0.01 -0.00, 0.02 0.18 0.02 0.01, 0.03 0.001 0.01 0.00, 0.02 0.003

Birthweight (g) 0.01 0.01, 0.01 < 0.001 0.02 0.01, 0.02 < 0.001 0.02 0.02, 0.02 < 0.001

Gender
Female 0.64 0.33, 0.95 < 0.001 2.24 2.00, 2.47 < 0.001 2.29 2.06, 2.53 < 0.001

Male Ref

Smoking
Yes -3.46 -3.87, -3.05 < 0.001 0.57 0.25, 0.88 < 0.001 0.58 0.27, 0.89 < 0.001

No Ref

Diabetes

Yes -7.09 -7.57, -6.62 < 0.001 -4.47 -4.83, -4.10 < 0.001

Unknown -0.42 -2.86, 2.02 0.738 1.00 -0.81, 2.81 0.280

No Ref

Foetal 
Growth 
Restriction

Yes -14.80 -15.65, -13.94 < 0.001 1.04 0.36, 1.72 0.003 1.16 0.47, 1.85 0.001

Clinical 
Suspicion -6.04 -7.06, -5.03 < 0.001 4.00 3.23, 4.78 < 0.001 4.06 3.27, 4.84 < 0.001

Unknown -9.63 -14.48, -4.77 < 0.001 3.26 -0.38, 6.90 < 0.001 4.76 1.10, 8.43 0.011

No Ref

Ethnicity

Non-Indigenous 1.76 1.27, 2.25 < 0.001 0.61 0.24, 0.98 0.001

Unknown 0.67 -1.27, 2.61 0.500 0.28 -1.15, 1.72 0.701

Indigenous Ref

Previous 
Pregnancy

Yes -1.62 -1.94, -1.30 < 0.001 -2.95 -3.21, -2.69 < 0.001 -2.77 -3.02, -2.53 < 0.001

No Ref

Hypertension

Yes -8.07 -8.72, -7.42 < 0.001 -3.39 -3.88, -2.89 < 0.001

Unknown -4.18 -9.43, 1.06 0.118 1.86 -2.02, 5.74 0.348

No Ref

Anaemia

Yes 0.67 0.25, 1.09 0.002 -0.21 -0.52, 0.09 0.176

Unknown 0.72 0.37, 1.08 < 0.001 0.77 0.49, 1.04 < 0.001

No Ref

Birth Type

Instrumental 
Birth 2.34 1.79, 2.90 < 0.001 1.15 0.73, 1.57 < 0.001 1.06 0.63, 1.48 < 0.001

Caesarean Birth -4.28 -4.62, -3.94 < 0.001 -2.85 -3.11, -2.59 < 0.001 -3.15 -3.41, -2.89 < 0.001

Vaginal Birth Ref

Maternal Age -0.13 -0.16, -0.10 < 0.001 0.00 -0.01, − 0.03 0.506

Maternal BMI -0.11 -0.14, -0.09 < 0.001 -0.13 -0.14, -0.11 < 0.001 -0.19 -0.21, -0.18 < 0.001

PM2.5 Tower 
Location

Beresfield 0.07 -0.86, 1.00 0.883 -1.36 -2.08, -0.64 < 0.001

Gunnedah 0.11 -1.34, 1.57 0.880 -0.38 -1.46, 0.70 0.488

Muswellbrook 0.66 -0.55, 1.87 0.283 -0.66 -1.46, 0.70 0.158

Narrabri -1.99 -3.58, -0.40 0.014 -2.27 -1.57, 0.26 < 0.001

Singleton 1.49 0.40, 2.58 0.007 -0.76 -1.59, 0.07 0.074

Tamworth -0.89 -1.91, 0.13 0.087 -1.40 -2.18, -0.62 < 0.001

Armidale Ref

Table 5.  Complete cohort, gestation (days) regression analysis. Key: ref: reference variable for which all other 
levels within the variable are assessed. “PM2.5 tower” denotes the suburb location of the air quality monitoring 
site from which the exposure variables were collected.
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Given the compounded impact of PM2.5 exposure alongside other factors contributing to reduced birthweight, 
coupled with the rising occurrence of Australian bushfires, it is imperative to address this issue. This study will 
help shape future health and disaster policies more effectively by providing crucial insights into the impact of 
PM2.5 exposure during pregnancy on newborns’ health.

Data availability
The data utilised in this paper is not freely available. Its access is restricted by Australian national law and would 
require application to the Hunter New England Local Health District of New South Wales Health.
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