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SUMMARY

Objectives: Human parainfluenza viruses (hPIV) are a common cause of acute respiratory infections,
especially in children under five years and the elderly. hPIV can be subclassified as types 1-4: these showed
various seasonality patterns worldwide, and it is unclear how climatic factors might consistently explain
their global epidemiology.

Methods: This study collected time-series incidence data from the literature and hPIV surveillance pro-
grams worldwide (47 locations). Wavelet analysis and circular statistics were used to detect the seasonality
and the months of peak incidence for each hPIV type. Relationships between climatic drivers and incidence
peaks were assessed using a generalized estimating equation.

Results: The average positive rate of hPIV among patients with respiratory symptoms was 5.6% and ranged
between 0.69-3.48% for different types. In the northern temperate region, the median peak incidence
months for hPIV1, hPIV2, and hPIV4 were from September to October, while for hPIV3, it was in late May.
Seasonal peaks of hPIV3 were associated with higher monthly temperatures and lower diurnal tempera-
tures range throughout the year; hPIV4 peaks appeared to correlate with lower monthly temperatures and
higher precipitation throughout the year. Different hPIV types exhibit different patterns of global epide-
miology and transmission.

Conclusions: Climate drivers may play a role in hPIV transmission. More comprehensive and coherent
surveillance of hPIV types would enable more in-depth analyses and inform the timing of preventive
measures.

© 2025 Published by Elsevier Ltd on behalf of The British Infection Association. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Human parainfluenza viruses (hPIV) are enveloped, single-
stranded RNA viruses of four types (1-4) in the Paramyxoviridae fa-
mily. hPIV1 and hPIV3 are from the genus Respirovirus, while hPIV2
and hPIV4 are from the genus Rubulavirus.' hPIV is a leading cause of
respiratory infections, especially among children, the elderly, and
immunocompromised patients,”~> and is sometimes found as part of
co-infections.® hPIV1-4 account for 2% to 18% of acute respiratory
infections, with hPIV3 the most often detected type.>”~'" Clinical
manifestations of hPIV are similar to other common respiratory
viruses, and include croup, fever, bronchiolitis, pneumonia, and
tracheobronchitis.” It is possible to be reinfected with hPIV in dif-
ferent epidemic seasons, as immunity after a previous infection is
usually incomplete or short-lasting.! No licensed vaccine to prevent
hPIV disease is currently available, but several phase I and Il trials are
ongoing. A global systematic review assessed the burden of hPIV in
children under five years as causing 13% of acute lower respiratory
infection (ALRI) cases, 4-14% of infant ALRI hospitalizations, and 4%
of ALRI mortality.'?

The World Health Organization (WHO) initiated the ‘Battle
against Respiratory Viruses (BRaVe)’ in 2013 to promote further re-
search and understanding of the environmental factors and trans-
mission mechanisms of respiratory viruses."” Global and local
surveillance of influenza and other viruses has provided valuable
information about the seasonality and circulating strains of influ-
enza, RSV, and SARS-CoV-2 to guide vaccination strategies,'* but less
is known about the seasonality of the different hPIV types.

Previous work showed a longer duration of hPIV epidemics and
diverse patterns of seasonality and periodicity,”'> with the peak
incidence of hPIV3 occurring in late spring to summer, and those for
other types from autumn to winter in the United States of America
(USA), China, the United Kingdom (UK), and Brazil.'°~'® hPIV1 and
hPIV2 can have biennial (24-month) and annual patterns,'®'®-2° and
hPIV3 has shown annual and semi-annual (6-month) cycles.'>~'%%!
hPIV4 has circulated annually in the UK, but is less studied because
of its low incidence rate and inadequate testing in diagnostic la-
boratories.'®

Several single-center studies have examined the relationship
between the seasonality of hPIV1-4 and climatic drivers. A study in
Edinburgh found that hPIV3 incidence was negatively associated
with humidity.”” hPIV peaks were associated with temperature, at-
mospheric pressure, vapor pressure, precipitation, wind speed, and

hours of sunlight in China.?® Local seasonal patterns of hPIV have
usually been reported from sites located in the temperate region of
the northern hemisphere, and in many places the diagnostics did not
differentiate between the four hPIV types. The limited amount of
epidemiological surveillance data has largely restricted our under-
standing of the global seasonality and periodicity of the four dif-
ferent hPIV types.

This study aims to provide a global overview of the epidemiology
of hPIV1-4 based on the incidence rates analyzed from worldwide
laboratory surveillance data. We identified seasonal patterns of the
four hPIV types from incidence time series across geographic regions
in America, Europe, Asia, and Oceania, and investigated the re-
lationships between climatic drivers and disease incidence. This
work can lead to an improved understanding of the populations at
risk, the temporal and geographical distribution of hPIV, and the
climatic predictors of virus transmission, which will facilitate the
prediction and, hopefully, prevention of future hPIV epidemics.

Methods
Data collection

Case data from cross-sectional studies

Papers published before December 2019 were searched via
PubMed using the keywords ‘parainfluenza virus’ and ‘parainfluenza
viruses’ in the title or abstract. Case data were collected from cross-
sectional studies that reported hPIV test-positive rates from at least
one hundred samples. Cross-sectional studies sampling from influ-
enza-like illness (ILI), acute respiratory infections (ARI), severe acute
respiratory infections (SARI), or pneumonia cases were included,
while those from immunocompromised patients were excluded. If
the study did not clearly report the symptom type (ILI, ARI, SARI, or
pneumonia), then this was determined using the WHO definition.”*
Surveillance programs sampling from asymptomatic populations
were also included. Studies were classified as from children if all
participants were under 18 years of age, and as from adults if sam-
ples were from all age groups or adults only.

Case data from longitudinal studies
Incidence rates were calculated from surveillance programs that

reported weekly or monthly data for at least one hPIV type in the
literature. When these studies reported weekly or monthly detection
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rates or counts, the raw data, if provided, were recorded or extracted
from the manuscript figures using the software WebPlotDigitizer-
4.2.?° The location, time, and duration of sampling, the detection
rate for hPIV1-4, sample size, sample population age, symptoms,
sampling method, and detection method were recorded for each
study, if available. Another data source was the INSPIRE (Interna-
tional Network for the Sequencing of Respiratory Viruses) network,
from which 15 study sites (Turku, Leicester, Cambridge, Rotterdam,
Vancouver, Ulaanbaatar, Halifax, Sendai, Hong Kong, Singapore,
Brisbane, Canterbury, Sydney, Kuala Lumpur, and Taipei) reported
monthly incidence rates of at least one of the hPIV types from Jan-
uary 2010 to December 2015."°

Climatic data

For sites with incidence rate time series, the monthly average
temperature (°C), vapor pressure (hPa), precipitation (mm), and
diurnal temperature range (°C) for each site during the study period
were obtained from the Climatic Research Unit gridded Time Series
(CRU TS) v4.03.%° Absolute humidity (AH) and relative humidity (RH)
were calculated by average temperature and vapor pressure.’’

Data analysis

Seasonality detection and weighted seasonal peaks

The positivity of hPIV detection from infection cases showing
different symptom types were summarized by patient age and virus
type. Positive rates of subgroups were compared using Kruskal-
Wallis tests, followed by Dunn’s post hoc test. For data collected
from longitudinal studies, incidence rate time series were analyzed
to discover the periodicity and peak months of each hPIV type.
Morlet wavelet analysis,”® which has been extensively applied to
modeling the seasonality of infectious diseases,”?~>? is particularly
suited for this purpose due to its ability to handle non-stationary
time series data and capture both frequency and temporal in-
formation simultaneously. This method was used to compute the
wavelet power spectrum of incidence rates using the R package
‘WaveletComp’.>> P-values were calculated by comparing the wa-
velet power of the original time series, with mean power spectra
randomly simulated from an autoregression process with the same
auto-correlation as the original series.

Incidence time series were standardized by log-transformed,
subtracted means, and divided by the standard deviation. When a
significant (p <0.05) high-power signal was seen at 6, 12, or 24
months in the power spectrum, seasonality was defined as semi-
annual, annual, or biennial. A location would be considered seasonal
for a type if at least one of its time series showed a high-power
signal. If the hPIV types showed significant seasonality by wavelet

Journal of Infection 90 (2025) 106451

analyses, the peak months of the cycles would be computed by the
center of gravity, with months weighted by their average incidence
rates.’” Circular statistics were calculated using the R package ‘cir-
cular’** The circular mean month and its 95% confidence interval
(CI) were estimated by 1000 bootstrap samples.

Impact of climatic factors on the seasonal peaks

A generalized estimating equation (GEE) was an extension of the
generalized linear model to longitudinal data. GEE with a log link
Poisson distribution family was used to estimate the impacts of
climatic factors on monthly case numbers.*” For each type of hPIV,
only the places where seasonality was detected were included in the
analysis. Spearman’s correlation coefficients were calculated among
the climatic variables. Coefficients between temperature, vapor
pressure, and AH were >0.9, indicating strong multi-collinearity,
therefore, temperature (°C), precipitation (mm), diurnal temperature
range (°C), and RH (%) were used as the independent variables in the
model with autoregressive correlation structure of order 1. All pre-
dictors were standardized by subtracting from the mean and di-
viding by the standard deviation. Quasi-likelihood under
Independence Model Criterion (QIC) was used to select the best set
of variables for the best-fit regression model. The model was fitted
using the ‘geepack’ package in R (version 4.0.4).>°

Role of the funding source

The funding sources had no role in the study design, data col-
lection, data analysis, data interpretation, or writing for this report,
nor in the decision to submit it for publication.

Results

Positive rates of hPIV1-4 among different populations showing
respiratory symptoms

The geographic overview of all samples included in this study is
shown in Fig. 1 (and detailed in Supplementary Table 1). Among
these, hPIV detection rates from 421 cross-sectional studies from 77
countries/regions are summarized in Table 1. The median positive
hPIV detection rate among symptomatic patients was 5.46% (IQR:
3.14-8.69%), and the positive rates for types 1-4 were 1.42%, 0.69%,
3.48%, and 1.19%, respectively (Table 1). The overall positive rate of
hPIV in children (under 18 years) was 6.45%, which was significantly
higher than that in adults (4.34%, p < 0.001). No significant difference
was found between the positive rates in the age groups 0-6 and
7-18 years (Supplementary Figure 1). Differences in positive rates
between children and adults were only significant with hPIV1

Sample

Incidence

» Sequence

Fig. 1. Map of study sites with incidence and sequence data of human parainfluenza viruses. Geographic regions with incidence data are filled in grey. Study sites with incidence

and sequence sample sites are indicated by red and blue dots, respectively.
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Table 1

Positive rates of hPIV1-4 in adults and children showing different symptom severities as extracted from the literature review.
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hPIV Median (IQR, %)°

hPIV1 Median (IQR, %)

hPIV2 Median (IQR, %)

hPIV3 Median (IQR, %)

hPIV4 Median (IQR, %)

P-value

All studies (n=421)

Age
Child (n=247)
Adult (n=174)
P-value

Symptom type
ILI (n=73)
ARI (n=274)
SARI (n=74)
P-value

Detection method
Immunoassay (n=73)
PCR-based (n=324)

Culture (n=20)
P-value

Number of total sample size

5.46 (3.14-8.69)

6.45 (3.82-9.90)
434 (2.58-6.65)
<0.001

514 (3.04-8.08)
5.59 (3.49-9.31)
5.00 (2.75-7.69)
0.029

4.80 (3.16-6.77)
5.71 (3.27-9.28)
437 (2.36-7.69)
0.10

9,793,630

142 (0.67-2.66)

1.54 (0.76-3.05)
1.14 (0.54-1.95)
0.0086

1.28 (0.53-2.58)
1.46 (0.75-2.90)
1,00 (0.63-1.51)
0.074

1.01 (0.62-2.41)
1.43 (0.73-2.70)
1.85 (1.01-2.39)
0.51

814,933

0.69 (0.28-1.66)

0.72 (0.27-1.95)
0.63 (0.29-1.28)
0.74

0.84 (0.36-1.27)
0.63 (0.29-2.00)
0.60 (0.21-1.09)
032

0.50 (0.20-2.22)
0.76 (0.30-1.44)
0.55 (0.10-1.16)
0.57

784,473

3.48 (1.82-5.67)

414 (2.49-6.65)
2.44 (0.94-4.33)
<0.001

2.92 (1.07-5.13)
3.56 (2.16-6.07)
3.52 (2.15-5.48)
0.0026

3.20 (1.86-4.94)
3.57 (1.82-5.99)
2.73 (1.47-3.65)
0.22

821,971

119 (0.63-2.48)

1.35 (0.88-2.43)
0.88 (0.52-2.53)
0.067

1.40 (0.64-3.26)
1.24 (0.63-2.48)
1.20 (0.67-2.06)
0.81

0.37 (0.37-0.37)
1.23 (0.66-2.64)
0.54 (0.31-0.77)
0.22

150,755

<0.001°

<0.001°
<0.001¢

<0.001°
<0.001°
<0.001¢

<0.001°
<0.001°
0.09

ILI: influenza-like illness, ARI: acute respiratory infections, SARI: severe acute respiratory infections (including pneumonia).
Statistical significance (p <0.05) is indicated in bold.

2 Including studies that did and did not distinguish hPIV types in their data.

5 Dunn test adjusted by Bonferroni method indicated a significant difference (p < 0.05) between hPIV1 and hPIV2, hPIV1 and hPIV3, hPIV2 and hPIV3, hPIV2 and hPIV4, hPIV3
and hPIV4.

¢ Dunn test adjusted by Bonferroni method indicated a significant difference (p < 0.05) between hPIV1 and hPIV2, hPIV1 and hPIV3, hPIV2 and hPIV3, hPIV3 and hPIV4.

4 Dunn test adjusted by Bonferroni method indicated a significant difference (p <0.05) between hPIV1 and hPIV3, hPIV2 and hPIV3, hPIV3 and hPIV4.

¢ Dunn test adjusted by Bonferroni method indicated a significant difference (p <0.05) between hPIV1 and hPIV3, hPIV2 and hPIV3.

(p=0.0086) and hPIV3 (p<0.001). The positive rates of hPIV3 and
overall hPIV among ARI patients were significantly higher than those
among ILI patients. Various detection methods did not significantly
affect the positive rates of hPIV1-4 they reported. For all age sub-
groups and severity of symptoms, hPIV3 was the most prevalent
type, and hPIV2 was the least (p <0.001) (Table 1).

Seasonality and peak months of hPIV1-4 by site

Incidence rate time series from 32 longitudinal studies and 15
INSPIRE longitudinal surveillance sites were included in the tem-
poral analyses. The mean peak months, weighted by incidence rates,
revealed distinct seasonal patterns of hPIV types (Fig. 2). hPIV1 was

Study locations (source) Winter Spring Summer Autumn Study periods Seasonality
Tampere (Vesa 2001) - T 1994 Apr - 1997 Jul [
Turku (INSPIRE)- e - 2010 Jan - 2015 Dec R
Scotland (Gaunt 2009) - = 2006 Jul - 2008 Jun L1 ]
Edinburgh (Price 2019)- —— = 2009 Apr - 2015 Nov L1 ]
Alberta (Fathima 2016) = —_— = 2010 Oct - 2013 Dec 1 ]
Leicester (INSPIRE) - —— —— - 2010 Jan - 2015 Sep I o PIV1
Cambridge (INSPIRE) - — —_— =2010 Jan - 2015 Nov ][]
Rotterdam (INSPIRE) - —— —_— = 2010 Jan - 2015 Oct L] -e- PIVI*
Germany#(Weigl 2007) - —— —_—— s s = 1996 Jul - 2006 Jun
Vancouver (INSPIRE)- o - 2011 Jan - 2015 Dec 1 PIV2
Ulaanbaatar (INSPIRE)- B = 2010 Nov - 2015 Dec : : —e PIV2*
Bismarck (Irmen 2000) - —_— —_— - 1988 Jan - 1998 Jun
Halifax (INSPIRE) - —_— - 2010 Oct - 2015 Dec 1 [ - PIV3
Rochester (Hall 2001) - —— ——— - 1993 Jan - 1998 Dec 1 PIV4
Ohio (Marx 1999) - - 1991 Jan - 1992 Dec
Beijing (Wang 2012, Pan 2017) - -ggg;;;;;gg;gg;; Z - PIV4*
USA#(Counihan 2001) = — —t—— = 1993 Dec - 1997 Nov |
Aurora (Frost 2014) - —_— = 2009 Jan - 2012 Apr | N
Sendai (INSPIRE) - 4 1 1 1 | - 2011 Jan- 2015 0ct
Yamagata (Mizuta 2013) - —— - 2004 Jan - 2011 Dec " .
Seoul (Choi 2018) - —_— — - 2013 Jan - 2015 Dec . Seasonality
Japan#(Hamano-Hasegawa 2008) - —_— — = 2005 Jan - 2006 Dec o | "
Osaka (Kaida 2014)- — 2010 Jan - 2011 Dec | Em L No seasonality
England and Wales (Easton 1989)- —— = 1978 Jan - 1987 Feb I No data
Suzhou (Chen 2014)- —_— = 2001 Jan - 2011 Dec " =
Hangzhou (Wang 2005) - = 2001 Jan - 2003 Dec - L Seasonal
Kathmandu (Mathisen 2011) - = 2006 Jan - 2008 Jun |
Bhaktapur (Mathisen 2009) - —_— = 2004 Jul - 2007 Jun T
Eastern Mediterranean Region (Horton 2017) - —_— - 2007 Nov - 2014 Feb | Population
Taipei (INSPIRE) - — —_— = 2006 Jan - 2018 Nov. : : ] Adult
Dhaka (Stockman 2013) - —_— = 2004 Feb - 2008 Feb L
Guangzhou (Liu 2013) - = 2009 Jul - 2011 Aug L] [ Children
Kolkata (Mukherjee 2013) - —_— — - 2010 Jan- 2011 Dec 1 [ -
Hong Kong (INSPIRE)- —_—— —_— = 2010 Jan - 2015 Dec 1 [
Mexico#(Wong-Chew 2017) - — = 2010 Mar - 2013 Apr - N
Thailand#(Morgan 2012, Chittaganpitch 2018) - S S S A S - gumsen- 207 Do i %/enty
Santa Rosa (Verani 2013) - —_— = 2007 Nov - 2011 Dec [ Asymptomatic
Bangkok (Vathanophas 1990) - —_——— —— - 1986 Jan - 1987 Dec "
Chon Buri (Ruampunpong 2014) - = 2010 Jul - 2013 Nov | L ARI
Ho Chi Minh City (Todd 2018)- = 2013 Aug - 2015 Nov T 1Ll
Kuala Lumpur (Khor 2012, INSPIRE) - e e | <l —
Singapore#(INSPIRE) - ————4—""—+ - 2012 Nov-2015 Dec ] L SARI
Fortaleza (F¢é 2008) -  — — [ 2001 Jan- 2006 Dec - Pneumonia
Brisbane (INSPIRE) - —_— ] - 2011 Jan - 2015 Dec Ll =
Sydney (INSPIRE) - I T = 2010 Jan - 2015 Dec Not specified
Canterbury (INSPIRE) - = 2010 Jan - 2015 Dec 1 —
Christchurch (Murdoch 2009)-' T 1 T T ! 1 -fof——f—-l 1 I T ! ! T ! ! C 1995 Jan - 2006 Nov 1 [
1 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 s ¢ g 3z 3 %
Month T T & a < g
(7]

Fig. 2. Weighted mean peak months of hPIV1-4 listed by latitudinal order. The left axis shows the locations and source references. The right axis shows the duration of collection
years and months. The equator is marked by the red dashed line. Seasons in temperate regions are shaded. * These represent the peak months of biennial (24-month) cycles. *
These are inferred from overall national data where certain cities/states/provinces of these countries are also available, and are displayed in separate rows. ILI: influenza-like
illness, ARI: acute respiratory infections, SARI: severe acute respiratory infections.
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Table 2
Weighted mean peak months of hPIV1-4 in the tropical region, north temperate region, and south temperate region.

hPIV1 Median (IQR)/ hPIV2 Median (IQR)/ hPIV3 Median (IQR)/

hPIV4 Median (IQR)/

[Min-Max]* [Min-Max]* [Min-Max]* [Min-Max]*
North temperate region (>23.5°N)  9.18 (7.81-10.79) 10.48 (9.16-11.25) 5.78 (4.89-6.35) 9.89 (9.41-10.64)
Tropical region (23.5°S-23.5°N) [5.96-5.96] 5.88 (5.29-8.29) 5.39 (4.09-9.21) [4.19-10.19]
South temperate region (>23.5°S) 5.22 (4.33-7.04) [4.17-5.60] 9.64 (8.37-9.98) No data
2 Minimum and maximum values are shown if there are fewer than three data sets in the category.
Table 3
The odds ratio of climatic factors on the incidence of hPIV1-4 by generalized estimating equation (GEE) model.
Temperature (°C) Diurnal temperature range (°C) Precipitation (10 mm) RH (%)

PIV1 0.838 (0.688-1.020, p=0.08) 1.020 (0.927-1.120, p=0.69)

PIV2 0.880 (0.736-1.050, p=0.16) 0.918 (0.831-1.010, p=0.091)

PIV3 1.234 (1.003-1.518, p=0.047) 0.965 (0.935-0.996, p=0.027) 0.982 (0.962-1.002, p=0.071) 0.997 (0.944-1.053, p=0.91)
PIV4 0.665 (0.584-0.759, p <0.001) 1.064 (1.009-1.121, p=0.022)

RH: relative humidity. P-values smaller than 0.05 are highlighted in bold.

mostly present in annual and biennial cycles, and a semi-annual
cycle was only seen in Scotland. The median hPIV1 peak month was
early September (IQR: 7.81-10.79) in the north temperate region,
and early May (IQR: 4.33-7.04) in the south temperate region. hPIV1
peaked in late May in Santa Rosa in the tropical region (Table 2).
hPIV2 circulated semi-annually in Kolkata, biennially in Germany,
Beijing, Taipei, and Canterbury, and annually in the other sites. The
median hPIV2 peak month was October (IQR: 9.16-11.25) in the
north temperate region, and late May (IQR: 5.29-8.29) in the tropical
region. hPIV2 showed April and May peaks in the south temperate
region. hPIV3 was presented semi-annually in Germany, Japan, Hong
Kong, Kolkata, Bangkok, and Chon Buri, and annually in the other
sites. The median peak month for hPIV3 was late May (IQR:
4.89-6.35) in the north temperate region, May (IQR: 4.09-9.21) in
the tropical region, and late September (IQR: 8.37-9.98) in the south
temperate region. No hPIV4 data was reported from the south
temperate region. hPIV4 circulated semi-annually in Kolkata, bien-
nially in Beijing, and annually in other sites. The median hPIV4 peak
month was late September (IQR: 9.41-10.64) in the north temperate
region. The peak month in Kolkata in the tropical region was early
April and October.

Effects of climatic factors on the incidence of hPIV

GEE-based Poisson regression (Table 3) showed that tempera-
ture, diurnal temperature range, and RH were related to the in-
cidence peaks of hPIV1-4. Increases in hPIV3 incidence were
associated with higher temperature (OR: 1.234, 95% CI: 1.003-1.518),
and lower diurnal temperature range (OR: 0.965, 95%Cl:
0.935-0.996), while incidences of hPIV1, hPIV2, and hPIV4 were
negatively associated with temperature with OR of 0.838 (95%Cl:
0.688-1.020), 0.880 (95%Cl: 0.736-1.050), and 0.665 (95%CI:
0.584-0.759), respectively. The incidence of hPIV4 was also asso-
ciated with higher precipitation (OR: 1.064, 95% CI: 1.009-1.121).

Discussion

We described the global epidemiology and seasonal patterns of
the four hPIV types. They showed significant differences in incidence
rates among age groups and by symptom severity, with hPIV3 being
the most commonly detected. hPIV1, hPIV2, and hPIV4 showed an-
nual or biennial cycles in their incidence peaks, while hPIV3 showed
semi-annual or annual cycles, possibly supporting its higher overall
incidence. The months of peak incidence for hPIV1, hPIV2, and hPIV4
were during autumn in the north and south temperate regions,
while for hPIV3 this was during late spring to summer in temperate

regions. The hPIV3 peaks in tropical regions were in early May. The
positive correlation between temperature and hPIV3, and the ne-
gative correlation between temperature and hPIV1, hPIV2, and hPIV4
supported the observed seasonality. These epidemiological char-
acteristics of the hPIV types could be used to guide resource plan-
ning for the times when hPIV-related pediatric healthcare burdens
are likely to be higher.

Recently reported studies of the circulation of hPIV1-4 in dif-
ferent locations that were published after our search in this analysis
are generally consistent with these results. In Germany from 2015 to
2019,%” seasonal patterns of hPIV1-4 were similar to our results
(which included data from a German study from 1996 to 2006).*®
Surveillance in the USA from 2011 to 2019 found hPIV1 and hPIV2
circulated biennially, and hPIV3 and hPIV4 circulated annually.*® Our
analyses detected annual and biennial cycles for hPIV1, and annual
cycles for hPIV2 in different regions of the USA. hPIV1 and 2 com-
peted at the peaks in alternative years in the USA. In the non-ad-
vantage years, hPIV1 or 2 showed a lower peak in the populations. A
cohort study in Western Australia found that hPIV1 peaked bien-
nially in autumn, and hPIV3 peaked in spring.*’ They also reported
that the hPIV3 peak was slightly decreased in the year when hPIV1
was in circulation. The alternative peaks by hPIV1 and hPIV2 and the
weakening effect of hPIV1 circulation on hPIV3 peak were poten-
tially attributable to cross-protective immunity and antigenic
change.”! A systematic analysis of the overall hPIV seasonality at 83
sites showed that hPIV epidemics occurred mostly in spring and
early summer in the northern and southern hemispheres, and had a
longer duration than other examined respiratory viruses.*” As this
analysis did not consider the individual types, its result largely re-
flected the most prevalent type, hPIV3, and is consistent with the
findings here.

Climatic factors affect the efficiency of transmission and en-
vironmental survival of many respiratory viruses.*> Unlike most
respiratory viruses, where incidence is increased in winter, the peak
months of hPIV3 circulation are in spring and summer when tem-
peratures are higher. A ten-year surveillance in Wenzhou, China, also
suggested temperature was positively correlated with hPIV3 ac-
tivity."* Most respiratory viruses circulate less during summer,
which allows the increasing incidences of hPIV3 under less compe-
tition. A contradictory relationship between temperature and hPIV1
infections was found in Singapore.”> Small seasonal variations of
temperature in tropical areas may weaken the association, as found
in influenza that “cold-dry” peaks occurred in temperate regions,
and “humid-rainy” peaks occurred in the tropical region.*® hPIV1
and hPIV2 in the tropics did not show significant seasonality com-
pared to temperate regions. hPIV3 presented more biannual peaks
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and longer durations of peaks in the tropical region compared to
temperate regions. Lack of clear seasonality or longer durations of
peaks in the tropics were also found in influenza.*’ Price et al.
suggested influenza A virus and respiratory syncytial virus seemed
to prefer low humidity range,>> which we did not include as a cli-
matic factor due to the limitation of the CRU database. They also
found hPIV3 peaks were negatively associated with RH, while no
significant correlation was observed in our results.”> hPIV3 appeared
to be more stable at lower RH and higher temperatures than other
enveloped RNA viruses.”” In addition, the seasonal peak of hPIV4 is
positively correlated with precipitation, unlike the other hPIV types.
hPIV4 showed significant seasonality only when moderate or high
precipitation in autumn was observed; the other types did not show
any association with precipitation. The correlation between climatic
factors and hPIV incidence could be further examined to see if me-
teorological factors might enhance prediction models for temporally
and geographically forecasting hPIV trends.

There are several limitations to this study. Detection rates from
surveillance programs do not represent the incidence amongst all
members of any given population; not all diagnostic laboratories are
able to screen for hPIV1-4; in places where the seasonal variation of
climatic factors is small, the relationship between climatic factors
and viral seasonality may not be significantly detected in the re-
gression; studies included were from different time frames without
considering the overall pattern shift through time; symptomatic
screening for influenza-like illness may not capture all the hPIV in-
cidence, and hPIV disease may be defined differently across age
groups. Phylodynamic analyses have been useful to study virus
epidemiology and seasonality.”®*° Although it would be of epide-
miological interest to conduct such analyses on hPIV, the relative
scarcity of sequence availability prior to 2009 is a significant lim-
itation. Following the 2009 influenza A (HI1N1) pandemic, sys-
tematic surveillance on influenza and other respiratory viruses was
enhanced via more widely available diagnostic and sequencing
techniques, facilitated by local authorities and global collaborations
such as the WHO Global Influenza Surveillance and Response System
(GISRS).°>*! Phylodynamic analyses of viral sequences from a cli-
matically more diverse range of countries (both temperate and tro-
pical) will improve our understanding of how the seasonal
epidemiological patterns of the different hPIV types change across
the world, which can inform health impact assessments. During the
COVID-19 pandemic, the viral circulation of respiratory viruses, in-
cluding hPIV, was largely reduced because of non-pharmaceutical
interventions (NPIs).>? After lifting the NPIs, the peak timing and
epidemic duration of respiratory viruses seem to alter.”> Recent
studies show the shifts of seasonality hPIV1 and hPIV3 in China and
hPIV in Canada during COVID-19.>*°° Further surveillance following
up for a sufficient period of time would be required to ascertain how
the long-term epidemiology of different hPIV types are impacted by
COVID-19. Furthermore, some climatic factors, such as relative hu-
midity range, which are unavailable in the climate database used in
this study, could be used for their associations with hPIV subtype
epidemiology in the future.

In conclusion, this study summarized the worldwide epide-
miology and seasonality of hPIV types 1-4 and explored the re-
lationship of climatic drivers to their incidence peaks. hPIV3 was the
most prevalent type and reached peak incidence within spring -
around late May in the north temperate region, and late September
in the south. hPIV1, hPIV2, and hPIV4 reached peaks in autumn. The
increases in hPIV3 incidence correlated with higher temperature and
lower diurnal temperature range, whereas hPIV4 was associated
with lower temperature and higher precipitation. Identifying the
seasonal patterns and climatic drivers affecting the incidence peaks
enables further understanding of the virus circulation patterns and
informs the timing for potential vaccination and healthcare man-
agement strategies.

Journal of Infection 90 (2025) 106451
Funding

This project is supported by Theme-based Research Scheme (T11-
712/19-N) and Collaborative Research Fund (C5079-21G) of the
University Grants Commission Hong Kong, the Hong Kong Jockey
Club Global Health Institute funding (HKJCGHI), and the InnoHK
funding (to D24H) from Hong Kong Government’s Innovation and
Technology Commission.

Author contributions

YS and TTL conceived and designed the study. YNG, KFC, HZ, SB,
ST, PKSC, ESCK, HKL, KKT, PLAF, L], MW, HN, AW, TS, JK, DED, MK, and
JWT contributed to data collection. YS, DKS, and TTL conducted the
data analysis. YS drafted the manuscript. DWS and all other authors
critically reviewed the final manuscript and approved it for sub-
mission.

Data availability

Data supporting the findings of this study are available from the
corresponding author on request.

Declaration of Competing Interest
The authors declare that they have no known competing fi-
nancial interests or personal relationships that could have appeared

to influence the work reported in this paper.

Appendix A. Contributors of INSPIRE consortium

Steven ] Drews, Alberta Provincial Laboratory for Public Health,
University of Alberta, Edmonton, AB, Canada

e Todd Hachette, Department of Pathology, Dalhousie University,
Halifax, NS, Canada

Mel Krajden, British Columbia Centre for Disease Prevention and
Control, Vancouver, BC, Canada

e André Corriveau, Government of the Northwest Territories,
Yellowknife, NT, Canada

Hamid Jalal, Department of Pathology, Addenbrookes Hospital,
Cambridge, UK

Pagbajabyn Nymadawa, Laboratory of Virology, National Center
for Communicable Diseases, Ulaanbaatar, Mongolia

Darmaa Badarch, Laboratory of Virology, National Center for
Communicable Diseases, Ulaanbaatar, Mongolia

o Alice Kabanda, National Reference Laboratory, Kigali, Rwanda

e Yu-Nong Gong, Research Center of Emerging Viral Infections,
College of Medicine, Chang Gung University, Taoyuan, Taiwan
Kuan-Fu Chen, College of Intelligent Computing, Chang Gung
University, Taoyuan, Taiwan

e Hassan Zaraket, Department of Experimental Pathology,
Immunology and Microbiology, Faculty of Medicine, American
University of Beirut, Beirut, Lebanon

Seweryn Bialasiewicz, Australian Centre for Ecogenomics, School
of Chemistry and Molecular Biosciences, The University of
Queensland, Brisbane, QLD, Australia

Sarah Tozer, Patient Safety and Quality, Clinical Excellence
Queensland, Department of Health, Queensland Health, Australia
Paul KS Chan, Department of Microbiology, The Chinese
University of Hong Kong SAR, Hong Kong SAR, China

Evelyn SC Koay, Department of Pathology, Yong Loo Lin School of
Medicine, National University of Singapore, Singapore; Molecular
Diagnosis Centre, National University Hospital, Singapore

Hong Kai Lee, Molecular Diagnosis Centre, National University
Hospital, Singapore



Y. Song, Y.-N. Gong, K.-F. Chen et al.

Kok Keng Tee, Faculty of Medicine, University of Malaya, Kuala
Lumpur, Malaysia
Pieter LA Fraaij, Department of Pediatrics, Erasmus Medical
Centre, Rotterdam, Netherlands; ViroScience, Erasmus Medical
Centre, Rotterdam, Netherlands
Lance Jennings, Canterbury Health Laboratories and Department
of Pathology & Biomedical Sciences, University of Otago,
Christchurch, New Zealand
e Jean-Michel Heraud, National Influenza Center, Virology Unit,
Institut Pasteur de Madagascar, Antananarivo 101, Madagascar
Matti Waris, Institute of Biomedicine, University of Turku, Finland;
Clinical Microbiology, Turku University Hospital, Turku, Finland
Hidekazu Nishimura, Virus Research Center, Sendai Medical
Center, Sendai, Japan
¢ Aripuana Watanabe, Department of Parasitology, Microbiology
and Immunology, Federal University of Juiz de Fora, Juiz de Fora,
Minas Gerais, Brazil
e Theo Sloots, Child Health Research Centre, The University of
Queensland, Brisbane, Australia; Children’s Health Queensland,
Brisbane, Australia
e Jen Kok, Centre for Infectious Disease and Microbiology
Laboratory Services, NSWHP-Institute of Clinical Pathology and
Medical Research, Westmead Hospital, Westmead, New South
Wales, Australia; Centre for Infectious Diseases-Public Health,
Westmead Hospital, Westmead, New South Wales, Australia
Dominic E Dwyer, Centre for Infectious Diseases-Public Health,
Westmead Hospital, Westmead, New South Wales, Australia;
Pathology and Infectious Diseases, University of Sydney, Sydney,
Australia
Marion PG Koopmans, ViroScience, Erasmus Medical Centre,
Rotterdam, Netherlands
David W Smith, PathWest Laboratory Medicine, Perth, Western
Australia, Australia; School of Medicine, University of Western
Australia, Perth, Western Australia, Australia
¢ Julian W Tang, Department of Respiratory Sciences, University of
Leicester, Leicester, UK; Clinical Microbiology, University
Hospitals of Leicester NHS Trust, Leicester, UK
e Tommy TY Lam, State Key Laboratory of Emerging Infectious
Diseases, School of Public Health, The University of Hong Kong,
Hong Kong SAR, China; HKU-Pasteur Research Pole, Hong Kong
SAR, China; Laboratory of Data Discovery for Health, Hong Kong
SAR, China; Centre for Immunology and Infection, Hong Kong
SAR, China; The Hong Kong Jockey Club Global Health Institute,
Hong Kong SAR, China

Appendix B. Supporting information

Supplementary data associated with this article can be found in
the online version at doi:10.1016/j.jinf.2025.106451.

References

—_

. Henrickson K]. Parainfluenza viruses. Clin Microbiol Rev 2003;16(2):242-64.

2. Lim FJ, Blyth CC, Fathima P, de Klerk N, Moore HC. Record linkage study of the
pathogen-specific burden of respiratory viruses in children. Influenza Other Respir
Virus 2017;11(6):502-10.

3. Russell E, Ison MG. Parainfluenza virus in the hospitalized adult. Clin Infect Dis
2017;65(9):1570-6.

4, Shi T, Arnott A, Semogas I, Falsey AR, Openshaw P, Wedzicha JA, et al. The etiological
role of common respiratory viruses in acute respiratory infections in older adults: a sys-
tematic review and meta-analysis. | Infect Dis 2020;222(Supplement_7):5563-9.

5. Liang J, Wang Z, Liu Y, Zeng L, Li Z, Liang ], et al. Epidemiology and co-infection
patterns in patients with respiratory tract infections in southern China between 2018
and 2020. | Infect 2021;83(3):e6-8.

6. Kong D, Zheng Y, Hu L, Chen ], Wu H, Teng Z, et al. Epidemiological and co-infection
characteristics of common human coronaviruses in Shanghai, 2015-2020: a retro-
spective observational study. Emerg Microbes Infect 2021;10(1):1660-8.

7. Ramaekers K, Keyaerts E, Rector A, Borremans A, Beuselinck K, Lagrou K, et al.

Prevalence and seasonality of six respiratory viruses during five consecutive epidemic

seasons in Belgium. ] Clin Virol 2017;94:72-8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Journal of Infection 90 (2025) 106451

Luksic I, Kearns PK, Scott F, Rudan I, Campbell H, Nair H. Viral etiology of hospi-
talized acute lower respiratory infections in children under 5 years of age - a sys-
tematic review and meta-analysis. Croat Med ] 2013;54(2):122-34.

Fox TG, Christenson ]JC. Influenza and parainfluenza viral infections in children.
Pediatr Rev 2014;35(6):217-27. quiz 28.

Rafeek RAM, Divarathna MVM, Noordeen F. A review on disease burden and epi-
demiology of childhood parainfluenza virus infections in Asian countries. Rev Med
Virol 2021;31(2):e2164.

Howard LM, Edwards KM, Zhu Y, Williams DJ, Self WH, Jain S, et al. Parainfluenza
virus types 1-3 infections among children and adults hospitalized with community-
acquired pneumonia. Clin Infect Dis 2021;73(11):e4433-43.

Wang X, Li Y, Deloria-Knoll M, Madhi SA, Cohen C, Arguelles VL, et al. Global
burden of acute lower respiratory infection associated with human parainfluenza
virus in children younger than 5 years for 2018: a systematic review and meta-
analysis. Lancet Glob Health 2021;9(8):e1077-87.

Zhou F, Wang Y, Liu Y, Liu X, Gu L, Zhang X, et al. Disease severity and clinical
outcomes of community-acquired pneumonia caused by non-influenza respiratory
viruses in adults: a multicentre prospective registry study from the CAP-China
Network. Eur Respir ] 2019;54(2):1802406.

Al-Tawfiq JA, Zumla A, Gautret P, Gray GC, Hui DS, Al-Rabeeah AA, et al. Surveillance for
emerging respiratory viruses. Lancet Infect Dis 2014;14(10):992-1000.

Lam TT, Tang JW, Lai FY, Zaraket H, Dbaibo G, Bialasiewicz S, et al. Comparative
global epidemiology of influenza, respiratory syncytial and parainfluenza viruses,
2010-2015. | Infect 2019;79(4):373-82.

Fry AM, Curns AT, Harbour K, Hutwagner L, Holman RC, Anderson LJ. Seasonal
trends of human parainfluenza viral infections: United States, 1990-2004. Clin Infect
Dis 2006;43(8):1016-22.

Pan Y, Zhang Y, Shi W, Peng X, Cui S, Zhang D, et al. Human parainfluenza virus
infection in severe acute respiratory infection cases in Beijing, 2014-2016: a molecular
epidemiological study. Influenza Other Respir Virus 2017;11(6):564-8.

Zhao H, Harris R], Ellis J, Donati M, Pebody RG. Epidemiology of parainfluenza in-
fection in England and Wales, 1998-2013: any evidence of change? Epidemiol Infect
2017;145(6):1210-20.

Gregianini TS, Seadi CF, Zavarize Neto LD, Martins LG, Muller GC, Straliotto SM,
et al. A 28-year study of human parainfluenza in Rio Grande do Sul, Southern Brazil. |
Med Virol 2019;91(8):1423-31.

Zheng X, Song Z, Li Y, Zhang J, Wang XL. Possible interference between seasonal
epidemics of influenza and other respiratory viruses in Hong Kong, 2014-2017. BMC
Infect Dis 2017;17(1):772.

Jornist I, Muhsen K, Ram D, Lustig Y, Levy V, Orzitser S, et al. Characterization of human
parainfluenza virus-3 circulating in Israel, 2012-2015. ] Clin Virol 2018;107:19-24.

Price RHM, Graham C, Ramalingam S. Association between viral seasonality and
meteorological factors. Sci Rep 2019;9(1):929.

Xu B, Wang J, Li Z, Xu C, Liao Y, Hu M, et al. Seasonal association between viral
causes of hospitalised acute lower respiratory infections and meteorological factors in
China: a retrospective study. Lancet Planet Health 2021;5(3):e154-63.
Organization WH. WHO Regional Office for Europe guidance for sentinel influenza
surveillance in humans. World Health Organization Regional Office for Europe;
2011.

Rohatgi A. WebPlotDigitizer. 4.2 ed. California, USA: Pacifica; 2017.

Harris I, Osborn TJ, Jones P, Lister D. Version 4 of the CRU TS monthly high-re-
solution gridded multivariate climate dataset. Sci Data 2020;7(1):109.

Vaisala. Humidity conversion formulas. Helsinski: Vaisala; 2013 [cited 2022 Jan
24]. Available from: (https://web.archive.org/web/20200212215746im_/https://
www.vaisala.com/en/system/files?file=documents/Humidity_Conversion_
Formulas_B210973EN.pdf).

Cazelles B, Chavez M, Berteaux D, Ménard F, Vik JO, Jenouvrier S, et al. Wavelet
analysis of ecological time series. Oecologia 2008;156(2):287-304.

Freitas ARR, Donalisio MR. Respiratory syncytial virus seasonality in Brazil: im-
plications for the immunisation policy for at-risk populations. Mem Inst Oswaldo
Cruz 2016;111(5):294-301.

Huang X, Hu W, Yakob L, Devine GJ, McGraw EA, Jansen CC, et al. El Nifio Southern
Oscillation, overseas arrivals and imported chikungunya cases in Australia: a time
series analysis. PLoS Negl Trop Dis 2019;13(5):e0007376.

Zhou L, Yang H, Kuang Y, Li T, Xu J, Li S, et al. Temporal patterns of influenza A
subtypes and B lineages across age in a subtropical city, during pre-pandemic, pan-
demic, and post-pandemic seasons. BVIC Infect Dis 2019;19(1):89.

Parks RM, Bennett JE, Foreman K], Toumi R, Ezzati M. National and regional sea-
sonal dynamics of all-cause and cause-specific mortality in the USA from 1980 to
2016. Elife 2018;7:e35500.

Roesch A, Schmidbauer H. WaveletComp: computational wavelet analysis. R
package version 1.1 ed; 2018. [accessed 2024 Nov 21]. https://CRAN.R-project.org/
package=WaveletComp.

Agostinelli C, Lund U. R package ’circular’: circular statistics (version 0.4-93);
2017. [accessed 2024 Nov 21]. https://cran.r-project.org/web/packages/circular.
Liang KY, Zeger SL. Longitudinal data-analysis using generalized linear-models.
Biometrika 1986;73(1):13-22.

Hojsgaard S, Halekoh U, Yan ]. The R package geepack for generalized estimating
equations. ] Stat Softw 2005;15(2):1-11.

Oh DY, Biere B, Grenz M, Wolff T, Schweiger B, Durrwald R, et al. Virological surveillance
and molecular characterization of human parainfluenzavirus infection in children with
acute respiratory illness: Germany, 2015-2019. Microorganisms 2021;9(7):1508.

Weigl JAI, Puppe W, Meyer CU, Berner R, Forster ], Schmitt HJ, et al. Ten years’
experience with year-round active surveillance of up to 19 respiratory pathogens in
children. Eur ] Pediatr 2007;166(9):957-66.


https://doi.org/10.1016/j.jinf.2025.106451
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref1
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref2
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref2
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref2
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref3
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref3
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref4
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref4
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref4
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref5
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref5
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref5
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref6
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref6
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref6
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref7
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref7
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref7
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref8
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref8
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref8
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref9
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref9
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref10
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref10
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref10
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref11
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref11
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref11
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref12
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref12
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref12
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref12
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref13
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref13
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref13
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref13
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref14
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref14
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref15
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref15
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref15
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref16
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref16
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref16
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref17
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref17
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref17
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref18
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref18
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref18
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref19
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref19
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref19
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref20
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref20
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref20
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref21
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref21
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref22
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref22
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref23
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref23
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref23
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref24
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref24
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref24
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref25
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref26
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref26
https://web.archive.org/web/20200212215746im_/https://www.vaisala.com/en/system/files?file=documents/Humidity_Conversion_Formulas_B210973EN.pdf
https://web.archive.org/web/20200212215746im_/https://www.vaisala.com/en/system/files?file=documents/Humidity_Conversion_Formulas_B210973EN.pdf
https://web.archive.org/web/20200212215746im_/https://www.vaisala.com/en/system/files?file=documents/Humidity_Conversion_Formulas_B210973EN.pdf
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref27
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref27
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref28
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref28
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref28
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref29
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref29
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref29
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref30
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref30
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref30
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref31
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref31
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref31
https://CRAN.R-project.org/package=WaveletComp
https://CRAN.R-project.org/package=WaveletComp
https://cran.r-project.org/web/packages/circular
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref32
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref32
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref33
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref33
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref34
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref34
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref34
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref35
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref35
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref35

Y. Song, Y.-N. Gong, K.-F. Chen et al.

39.

40.

41.

42,

43.

44,

45,

46.

47.

DeGroote NP, Haynes AK, Taylor C, Killerby ME, Dahl RM, Mustaquim D, et al.
Human parainfluenza virus circulation, United States, 2011-2019. ] Clin Virol
2020;124:104261.

Greiff DRL, Patterson-Robert A, Blyth CC, Glass K, Moore HC. Epidemiology and
seasonality of human parainfluenza serotypes 1-3 in Australian children. Influenza
Other Respir Virus 2021;15(5):661-9.

Wilasang C, Suttirat P, Chadsuthi S, Wiratsudakul A, Modchang C. Competitive
evolution of HINT and H3N2 influenza viruses in the United States: a mathematical
modeling study. | Theor Biol 2022;555:111292.

Li Y, Reeves RM, Wang X, Bassat Q, Brooks WA, Cohen C, et al. Global patterns in
monthly activity of influenza virus, respiratory syncytial virus, parainfluenza virus,
and  metapneumovirus: a  systematic  analysis. Lancet Glob  Health
2019;7(8):e1031-45.

Moriyama M, Hugentobler W], Iwasaki A. Seasonality of respiratory viral infections.
Annu Rev Virol 2020;7(1):83-101.

Xu M, Yue W, Song X, Zeng L, Liu L, Zheng ], et al. Epidemiological characteristics of
parainfluenza virus type 3 and the effects of meteorological factors in hospitalized
children with lower respiratory tract infection. Front Pediatr 2022;10:872199.

Soh S, Loo LH, Jamali N, Maiwald M, Aik J. Climate variability and seasonal patterns
of paediatric parainfluenza infections in the tropics: an ecological study in Singapore.
Int ] Hyg Environ Health 2022;239:113864.

Tamerius ]JD, Shaman ], Alonso W], Bloom-Feshbach K, Uejio CK, Comrie A, et al.
Environmental predictors of seasonal influenza epidemics across temperate and
tropical climates. PLoS Pathog 2013;9(3):e1003194.

Li Y, Reeves RM, Wang X, Bassat Q, Brooks WA, Cohen C, et al. Global patterns in
monthly activity of influenza virus, respiratory syncytial virus, parainfluenza virus,

48.

49.

50.

51.

52.

54.

55.

Journal of Infection 90 (2025) 106451

and  metapneumovirus: a Lancet  Glob  Health
2019;7(8):e1031-45.

Rambaut A, Pybus OG, Nelson MI, Viboud C, Taubenberger JK, Holmes EC. The
genomic and epidemiological dynamics of human influenza A virus. Nature
2008;453(7195):615-9.

Bedford T, Cobey S, Beerli P, Pascual M. Global migration dynamics underlie evolution
and persistence of human influenza A (H3N2). PLoS Pathog 2010;6(5):e1000918.
Pscheidt VM, Gregianini TS, Martins LG, Veiga A. Epidemiology of human adeno-
virus associated with respiratory infection in southern Brazil. Rev Med Virol
2021;31(4):e2189.

Hay AJ, McCauley JW. The WHO global influenza surveillance and response system
(GISRS)—a future perspective. Influenza Other Respir Virus 2018;12(5):551-7.

Tang JW, Bialasiewicz S, Dwyer DE, Dilcher M, Tellier R, Taylor ], et al. Where have
all the viruses gone? Disappearance of seasonal respiratory viruses during the COVID-

19 pandemic. ] Med Virol 2021;93(7):4099-101.

systematic  analysis.

. Del Riccio M, Caini S, Bonaccorsi G, Lorini C, Paget ], van der Velden K, et al. Global

analysis of respiratory viral circulation and timing of epidemics in the pre-COVID-19
and COVID-19 pandemic eras, based on data from the Global Influenza Surveillance
and Response System (GISRS). Int | Infect Dis 2024;144:107052.

Groves HE, Piche-Renaud PP, Peci A, Farrar DS, Buckrell S, Bancej C, et al. The
impact of the COVID-19 pandemic on influenza, respiratory syncytial virus, and other
seasonal respiratory virus circulation in Canada: a population-based study. Lancet
Reg Health Am 2021;1:100015.

Yixuan G, Yingwei M, Daxing F, Feng Z, Biao W, Xiaoqing L, et al. Epidemiological
characteristics of human parainfluenza viruses infections—China, 2019-2023. China
CDC Wkly 2024;6(12):235-41.


http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref36
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref36
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref36
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref37
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref37
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref37
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref38
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref38
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref38
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref39
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref39
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref39
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref39
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref40
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref40
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref41
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref41
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref41
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref42
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref42
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref42
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref43
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref43
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref43
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref44
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref44
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref44
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref44
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref45
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref45
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref45
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref46
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref46
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref47
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref47
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref47
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref48
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref48
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref49
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref49
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref49
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref50
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref50
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref50
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref50
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref51
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref51
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref51
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref51
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref52
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref52
http://refhub.elsevier.com/S0163-4453(25)00045-3/sbref52

	Global epidemiology, seasonality and climatic drivers of the four human parainfluenza virus types
	Introduction
	Methods
	Data collection
	Case data from cross-sectional studies

	Case data from longitudinal studies
	Climatic data
	Data analysis
	Seasonality detection and weighted seasonal peaks

	Impact of climatic factors on the seasonal peaks
	Role of the funding source

	Results
	Positive rates of hPIV1-4 among different populations showing respiratory symptoms
	Seasonality and peak months of hPIV1-4 by site
	Effects of climatic factors on the incidence of hPIV

	Discussion
	Funding
	Author contributions
	Data availability
	Declaration of Competing Interest
	Appendix A. Contributors of INSPIRE consortium
	Appendix B. Supporting information
	References




