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Western Australia (WA) experiences multiple climatic zones, influencing the epidemiology of
respiratory viruses. We aimed to estimate the true incidence of respiratory syncytial virus (RSV) and
influenza hospitalizations across these different climatic regions using predictive modelling. We
conducted a population-based cohort study using linked perinatal, hospitalization and microbiological
data of children aged <5 years, born in WA between 1 January 2010 and 31 December 2021. We used
multivariable logistic regression to develop and validate predictive models for RSV and influenza
hospitalizations in three climatic regions: southern temperate, northern tropical, and central

desert. We compared laboratory-confirmed hospitalization rates with model-predicted rates and
determined under-ascertainment fractions. Our cohort comprised 466,037 hospital admissions
(257,960 children), with 33,106 tested for RSV (23.4% positive) and 33,511 for influenza (3.6%
positive). True hospitalization rates for RSV and influenza were highest in the central desert and
northern tropical regions. Among infants, RSV rates were 36.71 versus 20.00 per 1,000 child-years,
and influenza rates were 444.59 versus 144.40 per 100,000 child-years in central desert compared to
southern temperate areas. Routine laboratory testing significantly underestimated RSV (by 45-69%)
and influenza (by 34-52%) hospitalizations. Unlike the southern and desert regions, the northern
tropics lacked clear seasonal patterns. The study highlights high under-ascertainment of RSV and
influenza hospitalizations from routine viral testing. The findings suggest immunization programs
should consider viral circulation timing in different climatic regions. Prediction models demonstrated
reliability in estimating RSV and influenza burden across varying climates, supporting localized
decision-making beyond Australia.

Keywords Birth cohort, Influenza virus, Predictive modelling, RSV, Respiratory viruses, Under-
ascertainment

Respiratory syncytial virus (RSV) and influenza are two leading causes of acute lower respiratory infections (ALRI)
in young children worldwide. In 2019, there were an estimated 3.6 million RSV-related ALRI hospitalizations
globally'. Influenza virus was associated with 870,000 ALRI hospital admissions in children<5 years of age
worldwide in 20182 In Australia, the RSV-associated hospitalization rate for children <5 years of age between
2006 and 2015 was 418 per 100,000 population®. In Western Australia (WA), higher incidence rates of RSV (247
per 100,000 child-years) and influenza (61 per 100,000 child-years) was reported in hospitalized children during
2000-2012%,
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Existing data indicate a significant under-diagnosis of RSV-associated ALRI in hospitalized children from
routine viral testing®. Between 2000 and 2012 in WA, more than one-third of children who presented to the
emergency department with RSV infection were coded with other infections®. These findings suggest viral testing
practices might contribute to high under-ascertainment of RSV- and influenza-associated hospitalizations.

Accurate estimates of RSV- and influenza-associated hospitalizations are essential elements of monitoring
progress in ALRI control interventions in the era of RSV and influenza immunization. The introduction of
funded programs providing monoclonal antibodies for RSV and influenza vaccines provided great opportunities
to prevent ALRI-hospitalizations. WA implemented funded RSV immunization in newborns and high-risk
infants with nirsevimab in April 2024 and influenza immunization for children 6 months-4 years (2008),
5-11-year-olds (2020). Estimating the true burden of RSV and influenza hospitalization in the years leading up
to this would provide valuable baseline data to evaluate the real-world impact of immunizations on preventing
severe RSV or influenza disease.

The spatial and temporal dynamics of RSV and influenza are highly variable. Our recent population-based
study identified a significant geographic variation in viral testing patterns, which may substantially correlate
with the burden of respiratory viruses’. No other study has estimated geographic variations in respiratory virus-
associated hospitalizations in WA. Previous modeling studies on RSV covered the whole of WA, but did climate
differences were not modelled’. Given the differing seasonality across different regions of WA, it is crucial to
estimate the burden of these two major causes of ALRI in children by geographic location and time to better
understand disease burden to assist in guiding clinical decision making. This study aimed to estimate the true
burden of RSV- and influenza-associated hospitalizations and measure the under-ascertainment fraction by
geographic location in children under 5 years of age in WA.

Methods

Study design

A population-based longitudinal study utilizing prediction modelling based on a birth cohort with linked
perinatal, hospitalization and microbiological data for children <5 years was conducted. All the methods were
performed in accordance with relevant guidelines and regulations.

Study setting

WA represents the western third of Australia, with a total population of approximately 2.9 million at September
20238 WA encompasses diverse climatic zones stretching from a tropical climate in the north and desert in the
central regions to a temperate climate in the south. This study included all regions of WA, which were categorized
into three climatic regions: southern temperate region (including Perth City, Wheatbelt, Southwest, and Great
Southern), central desert region (Goldfields and Midwest), and the northern tropical (Kimberley and Pilbara)
region (Supplementary Fig. S1). This classification was also informed by the viral testing patterns and disease
burden observed in our recent study®. The transmission of respiratory viruses is influenced by climate factors.
Previous studies have reported that the epidemiology of RSV varies across climatic regions in WA®. Moreover,
meteorological variables such as humidity and rainfall show a strong temporal association with the incidence of
RSV and other respiratory viruses'’. Incorporating these meteorological conditions into prediction models is
crucial for producing accurate estimates of RSV and influenza hospitalizations, identifying under-ascertainment
rates by routine testing, and enhancing utilization of findings. The predictors of testing in these different climate
regions could vary; hence understanding the under-ascertainment separately in each region is important.

Study population

We included children <5 years of age born in WA between 1 January 2010 and 31 December 2021 who were
admitted to hospital for any diagnosis. Children were followed from birth until 31 December 2021 (date of
censoring) or the date of death, whichever occurred earlier. A child could have more than one hospitalization
episode and multiple RSV or influenza virus infections during the follow up period. We excluded children born
outside WA who were hospitalized in one of the centers.

Data sources

Data were derived from the Respiratory Infection Data Linkage platform, previously described!, utilizing
whole-of-population-based linked health data from the WA Department of Health. The birth cohort included
Birth and Death registers, Midwives Notification. We obtained morbidity data from the Hospital Morbidity Data
Collection (HMDC) and microbiological data from the PathWest Laboratory Medicine (PathWest) Respiratory
Pathogens Surveillance database. We extracted RSV and influenza laboratory testing data from PathWest for
all children tested for RSV or influenza (positive and negative results) using polymerase chain reaction (PCR)
between 1 January 2010 to 31 December 20212,

Geographical location was determined using postcode of residence at the time of hospital admission. For
those children with no hospitalization records, the postcode of residence at the time of birth was used to
assign the denominator cohort to each of the three climatic regions. Children residing outside of WA were
excluded from analysis and inter-hospital transfers collapsed. Microbiological testing data were linked with
hospitalization records with the date of specimen collection being within 4 days either side of the date of hospital
admission (Fig. 1). A new RSV or influenza-associated hospitalization was defined as an RSV- or influenza-
positive admission occurring more than 14 days after the prior confirmed hospitalization, and repeat tests within
this period were excluded"!'. Bronchiolitis ICD diagnosis was limited to children two years of age or younger,
as most of the disease occurs in this age group and management guidelines are defined for young children'.
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Fig. 1. Flowchart of the true RSV and influenza prediction study. The data sources presented in the figure
are for development and validation of the prediction model as well as estimating the true incidence rates of
RSV and influenza. HMDC, Hospital Morbidity Data Collection; PCR, Polymerase Chain Reaction; RSV,
Respiratory Syncytial Virus.
Statistical analysis
Model development
To develop and validate the performance of the prediction model, we employed a logistic regression framework.
e first identified children who ha or influenza testing using Pa est data and linked to hospitalization,
We first identified child. ho had RSV fluenza test PathWest data and linked to hospitalizat
and used this data to identify the predictors of RSV and influenza virus positivity (outcomes).
The selection of the minimum set of predictor variables was informed by developing Directed Acyclic Graphs
(Supplementary Fig. S2), using DAGitty version 3.1, and illustrated the association between outcome and
predictor variables'®. DAGs are valuable tools for visualizing and understanding causal relationships between
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multiple predictors and outcome variables. DAGitty enhances variable selection by enabling the identification
and mapping of proximal, intermediate and distal factors based on their causal proximity to the outcome
variable!®!”. We included an initial set of 27 predictor variables and computed the backward stepwise multiple
logistic regression model separately for each climatic region (southern temperate, northern tropical, and central
desert regions) for RSV and influenza positivity (6 models in total), with a cutoff probability of 0.2 for variable
removal'®. We included ICD-coded diagnoses for respiratory viral illnesses including bronchiolitis, acute
bronchitis, and pneumonia (Table S1).

Model validation

The performance of the model in predicting RSV or influenza virus—positive hospitalization was assessed using
discrimination and calibration measures'>*’. Model discrimination was evaluated by computing tenfold cross-
validated area under the receiver operating characteristics (cvAUROC) curve, which provides the opportunity
to evaluate model performance across multiple thresholds, making this method preferred for this study?*-%2.
Additionally, model calibration was graphically evaluated using internal calibration belts with a corresponding
test statistic; a P-value > 0.05 indicated good calibration?.

The best performing predictive model was used to estimate predicted probabilities of RSV and influenza
positivity and the coefficients were applied to all hospitalizations, with or without viral laboratory testing, to
compute the predicted burden of RSV- and influenza-associated hospitalizations. Predicted RSV and influenza
cases were determined using cutoff values derived from a list of predicted probabilities that provide the
maximum percentage of correctly classified RSV- and influenza-associated hospitalizations, while maximizing
sensitivity and specificity (Supplementary Tables S2 and S3). Depending on the climate region and type of virus,
different cutoff values were used. A predicted case of RSV or influenza hospitalization was defined as a child with
predicted probabilities equal to or above the cutoff value for that specific virus and region.

Laboratory-confirmed and true incidence of influenza and RSV

We computed the incidence rates of RSV and influenza using survival analysis techniques, allowing for multiple
hospitalizations and viral infections per child. The denominator population was the birth cohort of children
born in each climate region of WA using the postcode at birth, and calculated using person-time at risk
(PTAR). PTAR was computed from the date of birth to the date of death, age 5 years, time of hospitalization for
RSV or influenza, or December 31, 2021, whichever happened first. Predicted and ‘true’ incidence rates were
estimated for the years 2010 to 2019. We excluded the year 2020 and 2021 due to the significant drop in RSV and
influenza incidence and hospitalization burden during the COVID-19 pandemic, as the altered epidemiology
of these viruses did not allow us to provide reliable disease burden predictions*#?*. Incidence rates for RSV
were expressed per 1,000 child-years, and influenza incidence rates were reported per 100,000 child-years for
interpretation and comparability with existing literature.

Under-ascertainment fraction

The under-ascertainment fraction of RSV and influenza incidence rates was calculated as the percentage
difference between the ‘true’ incidence rate and the laboratory-confirmed incidence rate. A true case of RSV-
and influenza-positive hospitalization was defined as laboratory-confirmed case (for children who had PCR
tests) and predicted cases (for those not tested for RSV or influenza). True incidence rate of RSV or influenza
hospitalization was computed as laboratory-confirmed cases plus predicted cases for those not tested per
person-time at risk.

Transparency of reporting

This study followed the Transparent Reporting of a multivariable prediction model for Individual Prognosis
or Diagnosis (TRIPOD) statement, which is used to standardize the development and validation reports of
prediction models (Supplementary Table 4)°.

Results

Characteristics of the study cohort

Our cohort included 257,960 children, born in WA between 1 January 2010 and 31 December 2021. From 466,037
hospitalizations in those aged <5 years 33,106 were tested for RSV (23.4% positive) and 33,511 were tested for
influenza (3.6% positive). Figure 1 presents the detailed participant selection, model development and validation
process. The majority of hospitalizations were from southern temperate regions (82.9%, N=27,439 RSV and
83%, N=27,818 influenza). In northern tropical areas, 59% of RSV- and influenza-tested hospitalizations were
of Aboriginal and Torres Strait Islander origin (Table 1).

RSV and influenza hospitalizations prediction models by climate region

Six prediction models were developed for each virus and region. RSV positivity was strongly associated with
unspecified ALRI (adjusted odds ratio [aOR]=3.70, 95% CI 3.09-4.40, southern temperate region), viral
pneumonia (aOR4.29, 95% CI 2.12-8.68), and bronchiolitis (aOR 8.74, 95% CI 6.57-11.54). For the influenza, an
ICD-coded influenza diagnosis was the strongest predictor of laboratory-confirmed hospitalization (aOR 288.93,
95% CI 118.80-702.72, northern tropical region) (Supplementary Tables 5-10).

The tenfold cross-validated cvAUROC indicated a reliable predictive performance of the logistic regression
models. For RSV, cvAUROC was 87% in the southern temperate, 77% in the northern tropical, and 84% in the
central desert regions (Fig. 2a). Influenza models also demonstrated high accuracy: 92.5% in southern temperate
regions, 90.0% in northern tropical, and 94.1% in the central desert regions (Fig. 2b). Model calibration belt
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RSV tested hospitalizations Influenza tested hospitalizations
Patient characteristic Number of admissions N=33,106 | RSV positive N=7732 (23.4%) | Number of admissions N=33,511 | Influenza positive N=1004 (3.6%)
Southern temperate regions (N =27,439 RSV; N =27,818 influenza)
Age at admission
<3 months 7351 2075(28.2) 7552 97 (1.3)
3-5 months 3002 1005 (33.5) 3057 49 (1.6)
6-11 months 4689 1031 (22.0) 4714 130 (2.8)
12-23 months 6472 1407 (21.7) 6496 187 (2.9)
24-59 months 5925 891(15.0) 5999 283 (4.7)
Sex
Male 15,904 3607 (22.7) 16,123 415 (2.6)
Female 11,532 2801(24.3) 11,692 331 (2.8)
Gestational age
<32 weeks 1477 330 (22.3) 1499 36 (2.4)
32-36 weeks 3736 838 (22.4) 3780 101 2.7)
>37 weeks 22,226 5241 (23.6) 22,539 609 (2.7)
Aboriginal status
Non-aboriginal 24,941 5821 (23.3) 25,291 696 (2.8)
Aboriginal 1493 347 (23.2) 1521 50 (3.3)
Remoteness of residence
Major city 22,715 5,220 (23.0) 23,051 621 (2.7)
Inner regional 2044 540 (26.4) 2079 82 (3.9)
Outer regional 1246 326 (26.2) 1250 33(2.6)
Remote 284 58 (20.4) 285 7 (2.5)
Very remote 114 16 (14.0) 115 2(1.7)
Season of birth
Summer 4841 1078 (22.3) 4959 65 (1.3)
Autumn 5489 923 (16.8) 5587 61 (1.1)
Winter 9771 3294 (33.7) 9834 412 (4.2)
Spring 7338 1114 (15.2) 7438 208 (2.8)
Any bronchiolitis 7679 4113 (53.6) 7688 48 (0.6)
Any viral pneumonia 1278 699 (54.7) 1278 9(0.7)
Any influenza 688 38(5.5) 699 527 (75.4)
Any Unspecified ALRI 1598 385 (24.1) 1610 41 (2.6)
Northern tropical regions (N =2281 RSV; N=2303 influenza)
Age at admission
<3 months 499 134 (26.9) 506 7 (1.4)
3-5 months 354 119 (33.6) 361 15 (4.2)
6-11 months 457 118 (25.8) 462 20 (4.3)
12-23 months 571 135 (23.6) 573 27 (4.7)
24-59 months 400 63 (15.8) 401 36 (9.0)
Sex
Male 1322 324 (24.5) 1,335 58 (4.3)
Female 959 245 (25.6) 968 47 (4.9)
Gestational age
<32 weeks 196 44 (22.5) 198 10 (5.1)
32-36 weeks 291 71 (24.4) 298 10 (3.4)
>37 weeks 1794 454 (25.3) 1,807 85 (4.7)
Aboriginal status
Non-aboriginal 892 240 (26.9) 903 33(3.7)
Aboriginal 1292 317 (24.5) 1299 72 (5.5)
Remoteness of residence
Major city 200 48 (24) 199 13 (6.5)
Inner regional 20 1(5.0) 21 2(9.5)
Outer regional 27 6(22.2) 26 1(3.9)
Remote 1196 320 (26.7) 1205 52 (4.3)
Very remote 702 171 (24.4) 712 35 (4.9)
Continued
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RSV tested hospitalizations Influenza tested hospitalizations
Patient characteristic Number of admissions N=33,106 | RSV positive N=7732 (23.4%) | Number of admissions N=33,511 | Influenza positive N=1004 (3.6%)
Season of birth
Summer 517 157 (30.4) 522 18 (3.5)
Autumn 525 149 (28.4 535 8(1.5)
Winter 625 155 (24.8) 631 52(8.2)
Spring 614 108 (17.6) 615 27 (4.4)
Any bronchiolitis (<2 years) | 841 363 (43.2) 845 16 (1.9)
Any viral pneumonia 98 52 (53.1) 100 0(0.0)
Any influenza 75 8(10.7) 77 55(71.4)
Any Unspecified ALRI 188 46 (24.5) 190 3(1.6)
Central desert regions (N = 3,386 RSV; N=3,390 influenza)
Age at admission
<3 months 826 215 (26.0) 830 8 (1.0)
3-5 months 475 138 (29.1) 470 20 (4.3)
6-11 months 687 144 (21.0) 686 30 (4.4)
12-23 months 794 163 (20.5) 794 44 (5.5)
24-59 months 604 94 (15.6) 610 51 (8.4)
Sex
Male 1980 426 (21.5) 1,981 75 (3.8)
Female 1406 328 (23.3) 1,409 78 (5.5)
Gestational age
<32 weeks 170 35 (20.6) 172 4(2.3)
32-36 weeks 458 98 (21.4) 459 23 (5.0)
>37 weeks 2758 621 (22.5) 2,759 126 (4.6)
Aboriginal status
Non-aboriginal 2415 561 (23.2) 2,421 96 (4.0)
Aboriginal 892 180 (20.2) 890 57 (6.4)
Remoteness of residence
Major city 205 33 (16.1) 206 10 (4.9)
Inner regional 23 6 (26.1) 23 1(4.4)
Outer regional 2485 575 (23.1) 2,486 118 (4.8)
Remote 201 48 (23.9) 200 5(2.5)
Very remote 375 74 (19.7) 378 19 (5.0)
Season of birth
Summer 592 47 (.9) 595 11 (1.9)
Autumn 683 90 (13.2) 685 19 (2.8)
Winter 1176 440 (37.4) 1173 82(7.0)
Spring 935 177 (18.9) 937 41 (4.4)
Any bronchiolitis 996 462 (46.4) 989 11 (1.1)
Any viral pneumonia 98 53 (54.1) 99 1(1.0))
Any influenza 160 2314.4) 161 111 (68.9)
Any unspecified ALRI 199 63 (31.7) 198 9 (4.6)

Table 1. Characteristics of influenza and RSV tested paediatric hospitalizations used to develop prediction
models in three climate regions. ALRI, acute lower respiratory infection; RSV, respiratory syncytial virus.

graphs showed excellent agreement between observed and predicted RSV and influenza hospitalizations
(Supplementary Figs. 3-8).

Under-ascertainment of RSV- and influenza-positive hospitalization burden
The true incidence rate of RSV-associated hospitalizations was higher in young infants compared to children
24-59 months of age (20 vs. 1.29 per 1000 child-years in the southern temperate regions) and higher in regional
areas (36 vs. 20 per 1000 child—years in the central desert than in the southern temperate region for infants). The
under-ascertainment fraction of RSV-positive hospitalizations in infants ranged from 45% in the central desert
to 69% in northern tropical regions (Table 2).

The true incidence rate of influenza hospitalizations in infants was also higher in regional areas, with a rate of
426 (333.18-543.86) per 100,000 child-years in northern tropical areas compared with 144 (131.09-159.05) per
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Fig. 2. Ten-fold cross-validated, area under the receiver operating characteristics (cvAUROC) curve for
respiratory syncytial virus (RSV) (a) and influenza (b) prediction models in three climatic regions. The
columns represent climatic regions namely southern temperate (first column), northern tropical (center
column), and central desert (right column) regions. The figures’ lines represent the mean cvAUROC (solid red
line) and cvAUROC for individual cut off values (dotted lines).

100,000 child—years in southern temperate regions. The true incidence of influenza-associated hospitalizations
was 34-52% higher than observed hospitalizations (Table 2).

Incidence of RSV and influenza by selected characteristics

We found higher incidence rates of both laboratory-confirmed and true RSV and influenza-associated
hospitalizations in children born preterm, and in Aboriginal children. True RSV hospitalization rate was higher
in preterm than term children (125 vs. 45 per 1000 child-years in northern tropical region). The ‘true’ incidence
rate of influenza-associated hospitalizations were higher in preterm children <32 weeks of gestational age
(3577.48 vs. 916.69 per 100,000 child-years in northern tropical areas). The detailed incidence rates of RSV- and
influenza-associated hospitalization is presented in Table 3.

Incidence of RSV and influenza by epidemic week

In southern temperate and central desert regions, both predicted and laboratory-confirmed RSV incidence
showed a seasonal pattern with a peak between July and August of each year. The predicted incidence of RSV in
southern temperate regions peaked at 200 per 1000 child-years in 2012 and 150 per 1000 child-years in 2019.
In northern tropical areas, no seasonal pattern in RSV incidence was observed, unlike the southern and central
desert regions (Fig. 3a, Supplementary Figs. 9 and 10). The highest incidence rate of influenza was observed
in 2019, with predicted rates of 6,189 per 100,000 child-years in southern temperate regions and 31,430 per
100,000 child-years in the central desert regions (Fig. 3b, Supplementary Figs. 11 and 12).

Discussion

We developed prediction models of RSV and influenza hospitalizations using multivariable logistic regression
models for three climatic regions of WA, including northern tropical, central desert, and southern temperate
regions to estimate the ‘true’ burden. Our prediction models demonstrated an excellent accuracy, ranging
from 77 to 87% for RSV and 90-94% for influenza across different regions. RSV incidence rates were higher
in young infants across all climatic regions, with children <3 months experiencing rates between 39 and 60 per
1000 child-years. The true incidence rates of RSV and influenza hospitalizations in children < 12 months were
highest in regional areas, with RSV rates as high as 37 per 1000 child-years and influenza rates up to 445 per
100,000 child-years in the central desert region. The model-predicted burden of RSV (45- 69%) and influenza
(34-52%)-associated hospitalizations was significantly higher than laboratory-confirmed rates, with the highest
under-ascertainment fraction in the northern tropical areas.

The logistic regression models demonstrated reliable accuracy for prediction of both RSV and influenza
hospitalizations across different regions of WA, as indicated by the tenfold cross-validated, cvAUROC values and
calibration belt graphs®’. These findings suggest that the models are well-suited for estimating the true burden of
RSV- and influenza-associated hospitalizations in both metropolitan and regional settings, and provide valuable
tools for planning intervention strategies as also validated in other studies*®?. The development and validation
of these prediction models to estimate the respiratory viral hospitalizations in different geographical settings is
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RSV positive hospitalizations

Predicted RSV Laboratory-confirmed RSV ROV Under-
Number of | Incidence rate/1000 | Number of | Incidence rate/1000 | Number of | Incidence rate/1000 | ascertainment
Age at admission | admissions | child-years admissions | child-years admissions | child-years fraction (%)*
Southern temperate regions
<3 months 2725 36.85(35.49-38.26) 1809 24.46(23.36-25.62) | 2932 39.65(38.24-41.11) | 62.10
3-5 months 1501 20.83(19.8-21.91) | 835 11.59(10.83-12.4) 1603 22.24(21.18-23.36) | 91.89
6-11 months 702 5.06(4.70-5.45) 805 5.81(5.42-6.22) 1159 8.36(7.89-8.86) 43.89
<12 months 4928 17.31(16.84-17.8) 3449 12.12(11.72-12.53) | 5694 20.00(19.49-20.53) | 65.02
12-23 months 1387 5.43(5.16-5.73) 952 3.73(3.50-3.97) 1767 6.92(6.61-7.25) 85.52
24-59 months 435 0.75(0.68-0.82) 500 0.86(0.79-0.94) 744 1.28(1.19-1.38) 48.84
Northern tropical regions
<3 months 104 26.66(22-32.31) 110 28.20(23.39-33.99) 163 41.78(35.84-48.72) | 48.16
3-5 months 175 45.89(39.57-53.22) 99 25.96(21.32-31.61) 197 51.66(44.92-59.4) 99.00
6-11 months 85 11.61(9.39-14.36) 88 12.02(9.76-14.82) 142 19.40(16.46-22.87) 61.40
<12 months 364 24.21(21.85-26.83) | 297 19.75(17.63-22.13) | 502 33.39(30.59-36.44) | 69.06
12-23 months 150 11.17(9.52-13.11) 110 8.19(6.80-9.88) 193 14.3812.48-16.55) | 75.58
24-59 months 50 1.66(1.26-2.19) 159 1.63(1.23-2.15) 81 2.69(2.16-3.34) 65.03
Central desert regions
<3 months 274 60.25(53.52-67.82) 192 42.22(36.65-48.63) | 275 60.47(53.73-68.05) | 43.23
3-5 months 177 39.86(34.4-46.19) 127 28.6(24.04-34.04) 185 41.67(36.07-48.12) | 45.70
6-11 months 133 15.54(13.11-18.42) 126 14.73(12.37-17.54) 184 21.5(18.61-24.85) | 45.96
<12 months 584 33.29(30.69-36.1) 445 25.36(23.11-27.83) | 644 36.71(33.98-39.65) | 44.76
12-23 months 187 11.83(10.25-13.65) 134 8.48(7.16-10.04) 228 14.42(12.67-16.42) 70.05
24-59 months 60 1.65(1.28-2.12) 74 2.03(1.62-2.55) 106 2.91(2.4-3.52) 43.35
Influenza virus positive hospitalizations
Predicted influenza Laboratory-confirmed infl True infl
Incidence Incidence Incidence Under-
Number of | rate/100,000 child- | Number of | rate/100,000 child- | Number of | rate/100,000 child- | ascertainment
Age at admission | admissions | years admissions | years admissions | years fraction (%)*
Southern temperate regions
198.80 (169.13- 131.18 (107.51- 204.21 (174.1-
<3 months 147 233.68) 97 160.07) 151 239.52) 55.67
113.77 (91.63- 106.84 (85.45-
3-5 months 82 141.27) 48 66.60 (50.19-88.38) | 77 133.58) 60.42
126.25 (108.86- 93.06 (78.31- 132.02 (114.21-
6-11 months 175 146.41) 129 110.59) 183 152.6) 41.87
141.94 (128.75- 96.26 (85.52— 144.40 (131.09-
<12 months 404 156.48) 274 108.37) 411 159.05) 50.01
. 97.96 (86.54- 105.40 (93.53-
12-23 months 250 110.89) 183 71.71 (62.03-82.89) | 269 118.78) 46.98
24-59 months 326 56.15 (50.37-62.59) | 278 47.88 (42.57-53.85) | 378 65.10 (58.86-72.01) | 35.96
Northern tropical regions
128.17 (53.35- 179.44 (85.55- 230.71 (120.04-
<3 months 5 307.94) 7 376.4) 9 143.41) 28.57
655.54 (442.96- 393.33 (237.12- 812.87 (571.67-
3-5 months 25 970.15) 15 652.43) 31 1155.85) 106.66
204.92 (123.54- 273.22 (176.27- 327.86 (219.76-
6-11 months 15 339.9) 20 123.49) 24 189.15) 20.00
299.31 (223.47- 279.35 (206.45- 425.68 (333.18-
<12 months 45 400.87) 42 378.01) 64 543.36) 52.38
290.5 (212.25- 201.12 (137.92- 342.64 (256.65—
12-23 months 39 397.6) 27 293.27) 46 157.45) 70.37
. 136.1 (100.21- 119.50 (86.20- 179.26 (137.29-
24-59 months 41 184.84) 36 165.67) 54 234.05) 50.01
Central desert regions
351.8 (215.53- 175.9 (87.97- 263.85 (149.84-
<3 months 16 574.25) 8 351.74) 12 464.6) 50.00
540.54 (362.31- 450.45 (290.61- 653.15 (453.89-
3-5 months 24 806.45) 20 698.20) 29 939.89) 45.00
. 397.37 (283.93- 350.62 (245.15- 432.43 (313.31-
6-11 months 34 556.13) 30 501.47) 37 596.83) 23.33
Continued
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Influenza virus positive hospitalizations
Predicted influenza Laboratory-confirmed infl True infl
Incidence Incidence Incidence Under-
Number of | rate/100,000 child- | Number of | rate/100,000 child- | Number of | rate/100,000 child- | ascertainment
Age at admission | admissions | years admissions | years admissions | years fraction (%)*
421.79 (335.85- 330.59 (255.58— 444.59 (356.11-
<12 months 74 529.72) 58 427.62) 78 555.06) 34.48
284.69 (212.56— 278.36 (207.15- 303.67 (228.84—
12-23 months 45 381.29) 44 374.05) 48 402.95) 9.09
156.29 (120.56— 139.84 (106.28- 183.71 (144.59-
24-59 months 57 202.62) 51 184.00) 67 233.41) 31.37

Table 2. Incidence rate and under-ascertainment fraction of predicted, laboratory-confirmed, and true
respiratory syncytial virus- and influenza virus—positive hospitalizations by age and climate region across
Western Australia, 2010-2019. £Under-ascertainment fraction is calculated as the difference between true
incidence and laboratory-confirmed incidence divided by laboratory-confirmed incidence and multiplied by
100% (true incidence rate —laboratory-confirmed incidence rate)/laboratory-confirmed incidence rate x 100%
RSV, respiratory syncytial virus.

supported by our recent findings highlighting the differing viral testing patterns across diverse climate regions,
which influence the epidemiological trends of these viruses®.

The higher incidence rate of RSV in younger infants indicates the significant burden of severe RSV disease
in this age group, leading to increased hospitalizations rates. The findings underscore the necessity for targeted
prevention strategies to protect infants, and enhanced testing to prevent severe outcomes. The findings from
this study are consistent with epidemiological patterns of RSV and influenza reported in other Australian
studies®®. However, because we used prediction models and estimated the true hospitalization burden, our
estimated hospitalization rates are significantly higher, pointing to previous rates being underestimated. Our
model-predicted estimates of RSV and influenza hospitalizations aligned with findings from studies in other
regions®"*2, reinforcing the potential of such prediction models to precisely estimate the burden of respiratory
virus hospitalizations across diverse populations, climatic conditions and socioeconomic contexts. With the
recent introduction of RSV immunization program using a monoclonal antibody nirsevimab in WA and RSV
maternal vaccination expected to be made available in 2025, these findings will be valuable to the prioritization
and increased vaccination coverage of the most affected age group. The findings will also have vital contributions
for future real-time evaluations of the impact of the prophylaxis in preventing severe RSV-associated ALRI
hospitalizations.

The higher under-ascertainment fraction in RSV and influenza-associated hospitalizations, especially in the
northern tropical regions, suggests that many cases are missed by routine testing in the hospital setting®. This
is likely due to factors such as access to healthcare and lower health-seeking behavior, as highlighted in previous
studies®”3L. Higher under-ascertainment fractions also suggest the need for enhanced routine microbiological
surveillance to better capture these viral infections to indicate the actual disease burden. This also underlines the
critical importance of utilizing prediction models to estimate the true hospitalization burden for evidence-based
decision making®®34. Higher hospitalization rates and under-ascertainment burden of RSV and influenza in
regional areas might be related to socio-economic disparities, higher rates of preterm births, larger proportion
of Aboriginal children (who bear a higher rate of both infections), and environmental factors that contribute to
their susceptibility to severe viral respiratory infections. Addressing these disparities needs targeted interventions
to reduce the burden of RSV and influenza hospitalizations in regional areas**3,

The discrepancy between laboratory-confirmed and model-predicted incidence rates could be due to the
low testing rates in children hospitalized for multiple causes. Our previous study showed the testing rates for
respiratory viruses in the tertiary care centers were suboptimal, leading to lower incidence rates of RSV- and
influenza-associated hospitalizations®, compared with the model-predicted rates. Another possible reason could
be the coverage of testing by the public laboratory owing to testing from private laboratory. This study used
public testing data only due to accessibility of the data; although PathWest is the major contributor to most of the
laboratory testing in WA, there is an increasing contribution of the private testing sector and some laboratory-
confirmed cases from the private laboratory might not have been be included.

The seasonal pattern observed in RSV incidence in the southern and central regions of WA aligns with well-
documented trends of RSV peaking during the winter months®. However, the lack of a clear seasonal pattern in
northern tropical regions could be related to climatic factors, as tropical regions often exhibit more year-round
viral circulation due to their warmer and more humid conditions'® and movement of people from subtropical
areas to the North for local tourism. Understanding the varying seasonal patterns of RSV and influenza across
different climate regions is essential for the localized decision-making to align immunization programs for both
RSV and influenza to local virus circulation periods.

One of the strengths of our study is that we estimated the true incidence rate of influenza-associated
hospitalizations by developing and validating a prediction model for different climate regions, which has not been
addressed by previous studies. Additionally, we were able to produce RSV and influenza under-ascertainment
rates by geographical location, by addressing variations in meteorological, healthcare access, availability of
paediatricians, and healthcare-seeking behavior. These factors play a crucial role in the epidemiology of both
RSV and influenza, making the laboratory—confirmed and predicted estimates more reliable for localized
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Respiratory syncytial virus Influenza virus
Laboratory-confirmed | ‘True’ cases Rate Laboratory-confirmed | ‘True’ cases Rate
Rate/1000 Rate/1000 difference/1000 Rate/100,000 Rate/100,000 | difference/100,000
Number | child-years | Number | child-years child-years Number | child-years | Number | child-years | child-years
Southern temperate
Aboriginal status
283.96 409.99
Non-Aboriginal | 4608 }g'ég)(l&%‘ 7760 giég)(“'%‘ 13.07 685 (263.48— 989 (385.21- 126.03
- : 306.04) 436.35)
640.19 883.46
Aboriginal 293 ig'gg)w'%’ 445 22'?%‘5 192 | 1946 50 (485.21- 69 (697.77- 243.27
: ' 844.66) 1118.56)
Gestational age
934.17 1219.61
<32 weeks 283 g;.z;;)(ss.%— 401 }?jgg)(%%‘ 30.62 36 (673.85 47 (91635 285.44
: : 1295.07) 1623.24)
442.4 656.76
32-36 weeks | 709 ;2{3411)(30'047 1072 ;*51"2?)(46'05’ 1656 97 (362.57- 144 (557.79- 21436
: : 539.81) 773.28)
269.61 388.29
>37 weeks 3909 }Z'gé)ae'w’ 6732 gg'ég)(zg'“’ 12.64 602 (248.91- 867 (363.29- 118.68
: : 292.03) 415.02)
Season of admission
12530
Summer 2 |2 25 | 4.03(353-459) | 0.05 55 9845 (75:59- | 79 (99.13- 26.851
(3.48-4.53) 128.23)
158.38)
102.75 160.98
Autumn 851 };l.gg)(13-63— 1381 %z.gg)(zz.zuf 9.08 60 (79.78- 94 (131.51- 58.227
: : 132.34) 197.04)
633.45 910.20
Winter 3156 ‘ég'gg)(%'%' 5898 gg.gg)(ss.:xo_ 42.16 412 (575.14- 592 (839.75- 276.748
- : 697.66) 986.55)
063 1005 298.14 432.87
Spring 672 6 701 0 0.42 208 (260.25- 302 (386.71- 134.736
(8.93-10.39) (9.33-10.82) e Stas)
Northern tropical
Aboriginal status
383.34 464.65
Non-Aboriginal | 202 gggi)@o“’ 384 i‘;'gé)(‘w'%’ 2114 33 (272.53- 40 (340.83- 8131
: : 539.21) 633.45)
987.52 2523.65
Aboriginal 253 ;g.z(s))(so.ss- 392 gg.;g)@s.m- 19.07 72 (783.84- 124 (Q184.13-  |7132
: : 1244.11) 2915.95)
Gestational age
107.32 298123 3577.48
<32 weeks 36 | (77.42- 2 }égi;;gz'ss’ 17.89 10 (1604.07- 12 (203169- | 596.25
148.79) : 5540.76) 6299.38)
721.19 1586.61
32-36 weeks 56 451(2).22)(3 LO8= 1 g3 2.2;(48.27- 19.47 10 (388.04- 2 (1044.7- 865.42
: : 1340.36) 2409.61)
599.37 916.69
>37 weeks 364 %Z'Zz)m'm' 651 13'2;)(42'5 1- 20.24 85 (484.59- 130 (771.91- 317.32
- : 741.35) 1088.62)
Season of admission
483.55 591.01
Summer 87 gg.gi)(ls.%- 105 éi'ﬂ)m'”‘ 484 18 (304.66- 2 (389.15- 107.46
- : 767.49) 897.58)
201.33 2265
Autumn 12 gg;g)m'“‘ 268 %"32)69'84‘ 39.26 8 (100.68- 9 (117.85- 25.17
: : 402.58) 435.31)
1277.31 2505.49
Winter 154 21'2(3))(32'30‘ 288 ;gzg)(“m‘ 32.92 52 (973.32- 102 (206353 | 1228.18
: : 1676.24) 3042.1)
652.74 749.44
Spring 103 gg'g?)@‘)&’ 115 g;.gg)(zs.léf 2.90 27 (447.64- 31 (527.06- 96.7
- : 951.82) 1065.66)
Central desert
Aboriginal status
731.90 945.38
Non-Aboriginal | 493 Z'gg)(%‘“‘ 747 2?'?3)(53'01‘ 51.52 96 (599.21- 124 (792.80- 213.48
: : 893.98) 1127.31)
Continued
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1796.30 2174.46
Aboriginal 160 gg.g)@a.w- 231 gg'gg)(@'gg‘ 4438 57 (1385.59- 69 (71743~ | 378.16
: : 2328.75) 2753.12)
Gestational age
102.49 141358 212037
<32 weeks 29 | (@122~ 3 ;g}l'gg)(“”‘ 48.28 4 (530.54- 6 (952.60- 706.79
147.48) : 3766.36) 4719.70)
1552.98 1823.07
32-36 weeks 90 gg'g)(“g'“" 120 ?61%0735_9 6o | 3333 2 (1032.00- 27 (125023~ | 270.09
' 75-96. 2336.98) 2658.38)
866.59 1100.43
>37 weeks 534 gg;g)(“‘”‘ 815 28'82)(52'334‘ 52.62 126 (727.75- 160 (942.47- 233.84
: : 1031.91) 1284.86)
Season of admission
231 303.69 303.69
Summer 12| Bsss3) 12 |331(1.88-583) | 0.00 11 (168.18- 11 (168.18- 0.00
88-5. 548.37) 548.37)
495.60 626.02
Autumn 75 ;Z'gg)(ls‘ﬁo‘ 101 gg'gg)@l'és‘ 34.67 19 (316.12 2 (419.6- 130.42
' : 776.98) 933.98)
1858.19 2288.75
Winter 421 ?gfg;)%'”‘ 686 }2?'?3“4425‘ 62.95 82 (149655~ | 101 (1883.22- | 43056
: : 2307.22) 2781.61)
924.46 1285.23
Spring 145 ;g.zg)(zms- 179 12';2)(34'86' 23.45 41 (680.70- 57 (99137~ 360.77
: : 1255.52) 1666.19)
Table 3. Incidence rate of RSV and influenza hospitalizations by selected patient characteristics in
children <5 years in Western Australian, 2010-2019.
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Fig. 3. Predicted and laboratory-confirmed RSV (a) and influenza (b) associated hospitalizations in southern
temperate regions in Western Australia.
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decision-making. However, this study also has a number of limitations. First, we were not able to predict for
the years 2020 and 2021 due to the disruption caused by COVID, making estimates from laboratory testing
data during this period unreliable. Second, the study utilized microbiological data from the public pathology
provider (PathWest) due to availability of data. Although PathWest is still the major provider of laboratory tests
in metropolitan and regional areas, there is an increasing contribution from the private laboratory testing sector,?
resulting in less virus-confirmed hospitalizations. However, this limitation further strengthens the rationale and
utility of our prediction models.

Conclusions

Our findings highlight significant geographic, seasonal, and demographic disparities in the incidence of RSV-
and influenza-associated hospitalizations among young children in WA. This study also highlights a substantial
under-ascertainment in RSV- and influenza-associated hospitalizations by routine laboratory testing. The
findings will have a valuable contribution to prioritize children for RSV immunization using nirsevimab and
maternal vaccination and to align RSV and influenza immunization to local RSV and influenza circulation
periods. Targeted interventions such as increased vaccination coverage, enhanced testing and early treatment
strategies could help reduce the burden of RSV- and influenza-hospitalizations, particularly among infants,
Aboriginal children, and preterm infants, where incidence rates are higher. Prediction models have proven to be
accurate to estimate the true burden of influenza across different climatic regions.

Data availability

All data used to develop and validate the prediction model or estimates generated in this study are included
in this published article and its supplementary material. The data within the WA Respiratory Infections Data
Linkage Platform cannot be shared publicly. Access to the data is subject to approval by relevant data custodians
and provided by WA Data Linkage Services at the WA Department of Health (https://www.datalinkageservices.
health.wa.gov.au/contact-us/). The use of the data is restricted to named researchers only on the approved ethics
protocols.
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