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Summary

In March 2013 the first cases of human avian influenza A(H7N9) were reported to the World
Health Organization. Since that time, over 650 cases have been reported. Infections are
associated with considerable morbidity and mortality, particularly within certain demographic
groups. This rapid increase in cases over a brief time period is alarming and has raised concerns
about the pandemic potential of the H7N9 virus. Three major factors influence the pandemic
potential of an influenza virus: (1) its ability to cause human disease, (2) the immunity of the
population to the virus, and (3) the transmission potential of the virus. This paper reviews
what is currently known about each of these factors with respect to avian influenza A(H7N09).
Currently, sustained human-to-human transmission of H7N9 has not been reported; however,
population immunity to the virus is considered very low, and the virus has significant ability to
cause human disease. Several statistical and geographical modelling studies have estimated and
predicted the spread of the H7N9 virus in humans and avian species, and some have identified
potential risk factors associated with disease transmission. Additionally, assessment tools have
been developed to evaluate the pandemic potential of H7N9 and other influenza viruses. These
tools could also hypothetically be used to monitor changes in the pandemic potential of a
particular virus over time.
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addition, relevant government and international organ-
ization websites [World Health Organization (WHO),
U.S. Centers for Disease Control and Prevention, and
the Hong Kong Center for Health Protection] were
reviewed for pertinent information.

Search strategy

Data for this review are from publications identified
through a systematic search in the Scopus (Elsevier) pub-
lication database and PubMed using the key words
‘H7N9 during any time period. The search returned
over 700 articles. Abstracts of the papers written in
English were reviewed for relevance, followed by an o
examination of the papers referenced in this review. In Background and epidemiology

The first reports of avian influenza A(H7N9) emerged
from Eastern China in early 2013 [1, 2]. Prior to the
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emergence of H7N9 human cases, avian influenza A
(H5N1), first reported in humans in 1997 [3], received
a significant amount of attention as the next potential
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Table 1. Comparison of pathogen characteristics of the H7N9 and H5N1 avian influenza viruses

Characteristic H7N9 H5NI
Pathogenicity Low pathogenicity (LPAI) Highly pathogenic (HPAI)
Total number of cases™ 660 [3] 827 [3]
First case detected in 2013 [3] 1997 [3]
humans
Case-fatality rate™® 39% [1] 53-2% [3]

Incubation period
Epidemiological risk
factors

Average age of
infected individuals

Host tropism

Human tissue tropism

Geography of human
cases

Vaccine status

Treatments
Antiviral resistance

Median 2-7 days, range 1-10 days [5, 6]

Older adults; more common in males;
comorbidities: COPD, diabetes, hypertension,
obesity, chronic lung and heart disease [25]

54-63 years of age; cases in children, teenagers
and young adults are rare [25]

Humans, chickens, pigeons, ducks, geese [10, 11]

Epithelial and endothelial cells of multiple organ
systems, particularly human bronchus and lung
epithelial cells [10, 11]

Mainland China, Imported cases in Canada,
Taiwan, Malaysia, and Hong Kong [3]

No vaccines yet; Eight candidate vaccine viruses
(27]

Neuraminidase (NA) inhibitors [12]

Most isolates sensitive to NA inhibitors
(oseltamivir, zanamivir); resistance to
adamantanes (amantadine and rimantadine)

2-4 days (up to 8 days) [4]
Younger adults; more common in females [12]

20-30 years of age [12]

Humans, wild migratory birds (LPAI), ducks,
geese, chickens (HPAI) [7, 8]

Epithelial and endothelial cells of multiple organ
systems, particularly human bronchus and lung
epithelial cells [7, 8]

Azerbaijan, Bangladesh, Cambodia, Canada,
China, Djibouti, Egypt, Indonesia, Iraq, Lao
People’s Democratic Republic, Myanmar,
Nigeria, Pakistan, Thailand, Turkey, and
Vietnam [3]

US FDA approved vaccine in 2013 [28]

Neuraminidase inhibitors [12]

Most isolates sensitive to NA inhibitors
(oseltamivir, zanamivir); resistance to zanamivir
reported in some wild-type strains; resistance

(12]

Reproductive number
R

Reservoir and
exposure risks

Human to human
transmission

0-08-0-39 [18, 19]

markets, wet markets [14]

18, 19]

Population immunity ~ Low or non-existent [22-24]

Wild birds, domestic birds (poultry), poultry

Low to moderate transmissibility; some family
clusters reported; no sustained transmission [12,

to adamantanes (amantadine and rimantadine)
[12, 13]

0-1-0-4 [21]

Wild birds, domestic birds (poultry) [7, 15]

Low transmissibility; limited human-to-human
transmission has been reported [12, 21]

Low or non-existent [22, 24]

COPD, Chronic obstructive pulmonary disease.
*As of 11 May 2015.

pandemic pathogen. While there have been more HSN1
cases to date than H7NO cases, these cases have been
reported over an 18-year period [3]. By contrast, the
H7NO case count has risen to nearly 80% of the current
H5NI case count in only 2 years. The H7N9 and H5N1
viruses share many similar characteristics, including in-
cubation time [4-6], host and human tissue tropism
[7-11], treatments [12], antiviral sensitivity [12, 13],
reservoirs [14—17], reproductive numbers [18-21], and
low levels of population immunity to both viruses
[22-24]. There are also some significant differences be-
tween the two viruses, including epidemiological risk
factors [4, 12, 25], case-fatality rates [1, 3], geography
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of human cases [3, 26], vaccine status [27, 28], and the
degree of pathogenicity in humans and poultry [9, 29].
Table 1 summarizes specific similarities and differences
between the two viruses.

Outbreaks of the H7N9 virus generally follow a
seasonal trend, with three major waves of outbreaks oc-
curring to date (Fig. 1 [30]): one from approximately
February to May 2013 followed by a larger outbreak
from approximately November 2013 to May 2014
[30, 31]. In late 2014 and early 2015, case counts
began to increase again, and as of early 2015, another
wave of H7N9 infections has occurred, with 200 cases
being reported from mainland China since November
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Fig. 1. Number of H7N9 cases reported weekly since April 2013; as of May 2015. Number of cases each week are based
on dates of case reports from the Hong Kong Centre for Health Protection. Data source: Hong Kong Centre for Health
Protection weekly Avian Influenza Report [32]. * Nineteen cases were reported on 10 March 2015, with onset dates in the
5 weeks preceding 25 February. These cases were added to others reported 10 March 2015, thus the distribution of H7N9

cases over this time period is slightly distorted.

2014, and 120 cases alone being reported from in the
first 7 weeks of 2015 [3, 32, 33]. Divergence of the
H7ND9 virus into distinct clades between the first and
second waves was reported, with co-circulation of
multiple H7N9 clades during the second major wave
[34]; however, one specific clade was responsible for
most cases in the second wave, indicating widespread
geographical dispersion. No significant difference in
gender or age distribution was observed between the
first and second waves. The geographical distribution
of H7N9 cases shifted between the first and third
waves. No cases were reported in Guangdong during
the first wave of the outbreak, but this province had
the highest number of reported cases during the
third wave [3, 35]. Although increased heterogeneity
of H7NO virus gene sequences has been observed in
the third wave, no major genetic changes in the
virus have been documented [36]. Transmissibility of
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the virus does not appear to have increased in the
third wave, and the majority of the most recent
cases have been associated with contact with poultry
or contaminated poultry environments [37].

Data on mild H7N9 infections is limited; however,
reports indicate that mild disease is more frequently
observed in paediatric patients. An investigation of
cluster transmissions in Guangdong was conducted
through follow-up of 3228 close contacts of known
H7NO cases. Of six identified cases, two adults devel-
oped severe infections. The remaining patients were
paediatric cases that developed mild symptoms and
fully recovered [38]. In 2013, a surveillance network
tested over 20 000 patients with influenza-like illness
(ILT) for H7NO. Six patients were positive, four of
whom were hospitalized. The ages of the hospitalized
patients ranged from 25 to 69 years. Two paediatric
cases, aged 2 and 4 years, were not hospitalized [39].
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The median H7N9 incubation period is 2-7 days,
with a range of 1-10 days [5, 6]. For cases that are ul-
timately fatal, the median time from onset of illness to
death is 12-21 days, with hospitalization typically oc-
curring 4-5 days after onset [5]. Most reported cases
of human H7NO infection have exhibited severe re-
spiratory illness [29]. Other common symptoms in-
clude fever, cough, and dyspnoea, and elevated
levels of aspartate, aminotransferase, creatine kinase,
lactate dehydrogenase [40]. Patients may develop se-
vere complications, including acute respiratory dis-
tress syndrome, shock, congestive heart failure,
myelitis, acute kidney injury, vomiting, diarrhoea,
rhabdomyolysis, and multi-organ failure [5, 40].

Influenza A(H7N9) virus is associated with an age-
specific and sex-specific morbidity and mortality [5].
The majority of the severe and fatal H7N9 cases
have been in older adults with pre-existing conditions;
cases in children, teenagers, and young adults are un-
common [5, 41]. Males are at a higher risk of infec-
tion, with approximately 70% of the reported cases
in males [42]. The reported median age of confirmed
cases ranges from to 54 to 63 years [43, 44]. Severe
disease and fatal cases have occurred more frequently
in middle-aged and older men compared to women |[5,
41]. The most severe H7N9 infections appear to be
associated with other comorbidities [45]. Underlying
conditions associated with H7N9 cases include chronic
obstructive pulmonary disease, diabetes, hyperten-
sion, obesity, chronic lung and heart disease [46].
Pregnancy is typically considered a risk factor for
influenza-associated morbidity and mortality [47],
which is consistent with two case reports of H7N9
infections in pregnant women. One case reported
fetal death resulting from severe refractory hypox-
emia, followed by the death of the mother due to
infection-related complications [48]. Another case re-
port describes the full recovery of a pregnant woman
with no long-term adverse effects on the fetus as a re-
sult of the infection [49, 50]; although reports suggest
that the woman was more susceptible to the H7N9
virus, based on her exposure patterns compared to
those of family members [50].

Disease management strategies

Antiviral treatment is associated with improved out-
comes and decreased viral load in patients with
H7ND9 infections [51, 52]. Late initiation of antiviral
therapy is associated with an increased risk of death
[53]. Laboratory studies in China have indicated that
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H7NO9 viruses are sensitive to neuraminidase inhibitor
antiviral drugs such as oseltamivir and zanamivir [29];
however, they are resistant to adamantanes (amanta-
dine and rimantadine), so these antivirals are not
recommended for treating H7N9 [54]. Some studies
have reported strains of the H7N9 virus that are resist-
ant to oseltamivir and other neuraminidase inhibitor
drugs [55-57]. Experimental antiviral treatments are
also currently being explored [58, 59]. In addition to
treatment with antivirals, supportive therapy may be
instituted, and is particularly critical in cases of
respiratory or multi-organ failure [60-63].

The CDC ‘Interim guidance on the use of antiviral
agents for treatment of human infections with avian
influenza A(H7N9) virus’ recommends that all hospi-
talized patients and all probable and confirmed out-
patient cases receive antiviral therapy treatment
immediately [58]. The CDC recommends that out-
patient cases who have had recent contact with a
confirmed H7NO9 case should also receive antiviral
treatment; however, individuals who only meet cri-
teria for an H7N9 travel exposure, are not recom-
mended to receive antivirals. The WHO does not
recommend post-exposure chemoprophylaxis with
antiviral medications for individuals who have had
close contact with individuals confirmed to have
H7N9 unless the exposed individual is at higher risk
for complications from H7N9 infection [64].

Vaccines

As of late May 2014, eight candidate vaccine viruses
for avian influenza A(H7N9) have passed relevant
safety testing and two-way haemagglutination tests
[27]. The candidate vaccine viruses are derived from
two parent strains: the A/Shanghai/2/2013-like virus
and the A/Anhui/1/2013-like virus [27]. Although
increased heterogeneity of gene sequences did increase
in the third H7N9 wave, the majority of the H7N9
strains that have been characterized to date are antige-
nically similar to the A/Anhui/1/2013-like candidate
vaccine strain and no new candidate vaccine viruses
have yet been proposed in 2015 [31, 65].

Exposure and environmental considerations
H7NY reservoirs and human exposure

Wild birds are considered the natural reservoir for avian
influenza viruses [15]. The H7N9 virus isolated from the
2013 outbreak in China contains genes solely of avian
origin [40]. It is a triple reassortant H7N9 virus that is
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believed to be the result of a two-step reassortment [3,
40]. Prior to 2013, influenza A(H7N9) had been reported
in birds [14, 17], but not in humans. Reports of the
H7N9 avian virus in wild birds have emerged from ten
countries, including China, the Czech Republic, Egypt,
Guatemala, Japan, Mongolia, South Korea, Spain,
Sweden, and the United States [66, 67]. The virus has
been found in domestic poultry in China, Taiwan, and
the United States [66].

Human H7N9 cases have consistently been asso-
ciated with exposure to birds, poultry, or live animal
markets, with some exceptions [31, 68, 69]. The
virus has been isolated from pigeons, chicken, geese,
and ducks [70-72]. A higher risk of H7N9 infection
is associated with visiting a market where live poultry
is sold, direct contact with poultry or birds in the mar-
ket, buying poultry or other birds in a live poultry
market (LPM) that have been freshly slaughtered,
and direct contact during preparation or cooking of
poultry [73].

Environmental considerations

The H7NO virus is difficult to control environmental-
ly. The virus has been reported to be able to survive
for months in the environment and can circulate in
avian species in the absence of any clinical signs in
birds [1]. Of epidemiological significance, there is
some evidence that H7NO is becoming enzoonotic in
China. Reports of the widespread geographical dis-
semination of the virus indicate that the virus is
likely present across most of China [34]. The H7N9
virus has been isolated from environmental samples
taken from LPMs, including contaminated soils and
surface water [1]. In one study of 8900 live poultry
and environmental samples from 36 retail LPMs, six
wholesale LPMs and eight poultry farms, 1:5% of
the samples tested positive for H7N9. The virus was
detected from 16 of the 36 retail LPMs and three of
the six wholesale LPMs, but the virus was not detected
in samples taken from poultry farms [71]. Within
poultry markets, the virus is most likely to be detected
in environmental samples related to poultry sale and
slaughtering compared to samples from poultry hold-
ing areas [71].

Climate conditions are believed to be implicated in
the spread of H7N9 [74]. A higher risk of human in-
fection is associated with temperatures between 13 °C
and 18 °C; whereas lower temperatures are associated
with a decreased risk of infection [74]. Environmental
studies of other avian influenza viruses have found
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that viral persistence can vary under different natural
conditions in aquatic environments. The majority of
avian influenza viruses are most stable at a pH of 7-4—
8-2 and temperatures of <17 °C [75], but experimental
studies have demonstrated that the H7N9 virus can re-
main infectious even after exposure to temperatures up
to 65 °C for 5 min, pH levels of >3, and UV light for
20 min [76]. Heatand UV light have been effective in re-
ducing or eliminating the infectivity of the H7NO virus,
but either high temperatures or long exposure times
(>20 min) are required. Viral inactivation by pH is
only effective at very low pH levels (<2-3) [76]. When
used at recommended concentrations, chemicals such
as ethanol or sodium hypochlorite effectively inactivate
the virus in 5 min [76].

Pandemic potential

There is significant concern over whether H7N9 could
be the next pandemic strain of influenza [46]. Three
major factors influence the pandemic potential of an
influenza strain [77, 78]:

(1) The virus has the ability to cause disease in
humans.

(2) There is little immunity to the virus within the
population.

(3) The virus has the capacity for
human-to-human transmission.

sustained

Ability to cause human disease

H7ND9 is classified as a low pathogenicity avian influenza
(LPAI); however, this classification is based on its patho-
genicity in poultry rather than its pathogenicity in
humans [9, 29]. H7NO is less pathogenic in poultry and
does not cause apparent disease in the avian population.
By contrast, the virus is highly pathogenic in humans.
Currently case-fatality rates of 36-39% have been
reported for human H7N9 infections [5, 31].

For avian influenza viruses to cause human infec-
tion, genetic changes are typically required to alter
host range and tissue tropism [12]. Influenza viruses cir-
culating primarily in avian species have a preference for
avian host cell receptors (a, 3-linked sialic acid receptor
types). Effective zoonotic spread of avian influenza
viruses from avian species to mammals generally
requires a change in the target-cell receptor preference
of the virus from a, 3-linked sialic acid to a,¢-linked
sialic acid receptor types [12]. Some animals possess
sialic acid receptors with dual specificity, potentially
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playing a role in interspecies transfer of avian influenza
viruses by serving as intermediate hosts [12]. In com-
parison with most avian influenza A viruses, the
H7NO virus exhibits an increased affinity for human
ay g-linked sialic acid receptor types while exhibiting
decreased affinity for the avian a; 3-linked sialic acid re-
ceptor types [79]. While the intermediate binding spe-
cificity is associated with increased tropism for
human cells and adaptation of host range, the virus
still remains slightly partial to the avian receptor, and
thus does not yet have the binding specificity character-
istic of a human pandemic virus [79-82].

The tissue tropism of the H7N9 virus in humans is
for epithelial and endothelial cells in multiple organ
systems [10]. Ciliated and non-ciliated bronchial
epithelial cells as well as alveolar epithelial cells par-
ticularly support replication of the H7N9 virus [11,
83]. The virus appears to infect and replicate more
readily within the human conducting and lower air-
way than other avian influenza viruses, including
H5NI1 [11]. Studies have shown that H7N9 exhibits
high growth rates and infection at low doses in guinea
pigs [84]. Many human strains of H7N9 contain a
E627 K mutation of the polymerase basic 2 protein
(PB2), which is associated with increased virulence
of H7N9 in mice and other mammals and improved
replication of the virus in mammals [40, 85, 86].

Population immunity

Serological studies indicate that there is very little
immunity to the H7N9 virus in the general popula-
tion. A retrospective serological study analysed 1544
serum samples collected between January and
November 2012 from poultry workers in Shanghai,
Zhejiang, Jiangsu, and Anhui provinces in Eastern
China [23]. No evidence of antibodies to the H7N9
virus was found. Analysis of serum samples from
126 healthcare workers during the first wave of
H7N9 outbreaks in 2013 also failed to find antibodies
to the virus [87]. Similarly, an analysis of 500 serum
samples in Japan found no antibody reaction to the
Anhui/1 strain of the H7N9 virus, indicating a lack
of human immunity to the H7N9 virus in that region
[88]. One seroprevalence study of 316 poultry workers
associated with LPMs did find a low seroprevalence
rate of antibody against H7N9 (1:6%) in conjunction
with positive H7N9 environmental samples [71].

As observed with other H7 subtype viruses, which
are associated with low titres of anti-H7 antibodies
[89], individuals infected with H7N9 often exhibit a
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weak antibody response to the virus [46, 90]. Analysis
of the H7N9 virus indicates that the T cell epitope con-
tent of the HA sequences is very low [90]. Additionally,
compared to various circulating influenza strains, there
is limited conservation of the T cell epitopes with other
influenza strains, suggesting little cross-reactivity with
T cells specific to currently circulating influenza strains
[90]. The potentially low immunogenicity associated
with H7N9 raises concerns about the implications for
vaccine development [90]. Two H7 subtype vaccines
previously tested in small clinical trials were found to
be poorly immunogenic, producing little to no serum
antibodies to the H7 haemagglutinin, even when adults
received two doses of the high-dose formulations of the
vaccine [29].

Transmission potential

Human infection with avian influenza A(H7N9) was
the first documentation of zoonotic transmission of
NO subtype viruses [40]. Mutations indicate that
the virus may infect mammals more easily than other
avian influenza viruses [68]. Although there is limited
evidence of human-to-human transmission, it has pri-
marily been confined to small family clusters [1, 68].
To date, human-to-human transmission appears to be
restricted with no evidence that sustained human-
to-human transmission has occurred [91].

Most studies have found that the H7N9 virus can
be spread efficiently between ferrets via direct contact,
but airborne transmission is less efficient [92-95];
however, one study found efficient respiratory droplet
transmission in ferrets with an H7N9 strain isolated
from an infected human [96]. Other research studies
indicate that in addition to having a low infective
dose and exhibiting a high growth rate, the H7N9
virus demonstrates efficient contact transmissibility
in guinea pigs [84]. The PB2-627 K mutation asso-
ciated with increased virulence and viral replication
in mammals is also associated with increased trans-
missibility of the H7N9 virus [46].

Co-infection with circulating influenza viruses sug-
gest the potential for re-assortment [97], which could
render the virus highly transmissible between humans.
Reassortment between influenza A(H7N9) and other
local strains has been reported [34, 98], although it
has not been associated with a significant increase in
transmission efficiency [99]. Using certain assumptions,
one influenza modelling study suggested that if reas-
sortment is certain when co-infection with human
seasonal influenza and a novel avian influenza virus
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occurs, then only 600 cases would be required for a 50%
chance of reassortment. If reassortment during
co-infection is a rare event, the number of cases
would need to be significantly higher to have a chance
of seeing a reassortment [100].

Several models have been used to estimate the human
transmission reproductive number (R;) for H7N9. One
study used extensive data from investigations of house-
holds with index cases to estimate Ry=0-08 [95% confi-
dence interval (CI) 0-05-0-13], which was robust to
changes in underlying assumptions [18]. In another
study, an inferential transmission model was used to
analyse three of the 2013 H7NO clusters. The study
estimated that 13% of the cases were attributable to
human-to-human transmission (95% CI 1-32) [19]. This
model also estimated human-to-human R; in each of
the three clusters to be 0-19 (95% CI 0:01-0-49), 0-29
(95% CI 0-03-0-73), and 0-03 (95% CI 0-00-0-22), with
sensitivity analyses producing estimates as high as 0-39
(95% CI 0-02-0-90) if the primary case onset to secondary
case onset was only 3 days [19]. Another study estimated
R as 0-1 (95% CI 0-01-0-49) using a Bayesian estimation
model [2]. Another estimated R, as 0-28 (95% CI 0-11—
0-45), acknowledging that this may be an overestimate
due to ascertainment and other biases [101]. By contrast,
another modelling study estimated R to be 0-467 (95% CI
0-387-0:654) and noted that if the reproductive number
was approximately twice their estimated R, it could in-
duce a human outbreak of the H7N9 virus [102].
However, the bulk of evidence from the other studies sug-
gests that the relative increase in R required to reach the
critical Ry = 1 threshold could be substantially more than
twofold [2, 101, 102].

These R, estimates are very similar to values esti-
mated for the H5N1 strain, which also generally centre
close to 0-1 [20], with confidence ranges spanning up to
near 0-4 [21]. However, there is evidence that levels of
pre-existing immunity to H5N1 in the human popula-
tion is significantly higher than it is for H7N9 [23,
103], which means that H7N9 could pose a higher
risk of larger outbreaks despite a similar Ry [20]. By
contrast, R, estimates for the 2009 pandemic HIN1
strain were in the range of 1-2-1-7 [104-106].

Modelling studies

In addition to the models developed to estimate
human-to-human reproductive numbers, other risk-based
prediction models have been used to characterize patterns
of dissemination and estimate the risk of H7N9 spread, in-
cluding its pandemic potential [2, 107-111].
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Many studies have performed spatial and temporal
analyses of human infections with H7N9 to either de-
scribe H7N9 case clusters, or to determine associated
risk factors [112, 113]. Several H7N9 geographical
modeling studies have mapped the spread of the dis-
ease along with risk factors in those areas, to develop
predictive models of disease spread [107]. Fang et al.
used geographical information systems (GIS) spatial
analysis to map the distribution of H7N9 cases
along with other geographical characteristics to ex-
plore regional risk factors that could influence the
dynamics of H7N9 spread. They mapped the distribu-
tion of the virus in affected counties, plotted epidemic
curves for the most affected provinces, and merged
this information with county-level data on
agro-ecological, environmental, and meteorological
factors [107]. They then examined how each factor
contributed to the spread, and probabilities of
human H7N9 infections were mapped. The model
ultimately showed that LPMs, population density,
irrigated croplands, built-up land, and humidity and
temperature were all potentially significant contribu-
tors to the occurrence of H7N9 viral infections in
humans [107].

Another study predicted the risk of future H7N9
infections in China and neighbouring countries by
evaluating the association between H7N9 cases at sen-
tinel hospitals, and agricultural, climatic, and demo-
graphic risk factors. The study used cross-sectional
data and logistic regression to identify risk factors
associated with H7N9 infection and subsequently cal-
culated H7NO risk across Asia by using GIS to con-
struct predictive maps [114]. The model accurately
predicted the spread of the virus into Guangxi region
in February 2014. The study further predicts a high
risk for spread of the virus to northern Vietnam
[114]. A spatial epidemiology study performed by
Gilbert et al. used datasets with locations of almost
10 000 LPMs in China, combined with maps of envir-
onmental correlates, to develop a statistical model
that was able to accurately predict H7N9 market in-
fection risk across Asia [115]. The study found that
local density of LPMs was the most significant pre-
dictor of infection risk in markets.

Other statistical risk assessment models have been
generated. One modelling study examined the trans-
mission potential compared to other emerging patho-
gens [2] designating human H7N9 cases as ‘spillover’
events from animal to human transmission events.
This model did not assess human-to-human transmis-
sion events. Provided that H7N9 cases are confined to
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spillover events, the transmission potential of H7N9
remains very minimal, with an R value well below
what would be required for sustained transmission
[2]; however, the study remarked on the fact that
early in the outbreak, 23% of H7N9 cases did not re-
port prior exposure to animals, highlighting the poten-
tial role of environment, aerosols, and contact with
human cases in the spread of the disease [2, 6]. Two
additional studies used models to examine whether
closure of bird markets had an impact on the inci-
dence of H7N9 human infections and found that the
precautionary measure did appear to be effective [2,
116], reducing the mean daily number of infections
from between 97% and 99% according to one of the
models [116]. Similarly, another study assessed the po-
tential for H7N9 transmissibility based on daily ex-
posure time of shoppers, farmers, and live-bird
market retailers to poultry. The investigators used
the data to propose hypotheses of the role of exposure
time in infection incidence within certain risk groups,
but they found that exposure time in poultry markets
was not sufficient to explain the age and gender distri-
bution of the H7N9 outbreaks [109].

Some studies have developed mathematical models
focusing on bird-to-bird and bird-to-human transmis-
sion. One study confirmed the effectiveness of closing
live bird markets in reducing human infections (as
observed in other studies) and also highlighted the
psychological influence that media outbreak coverage
may have in encouraging fewer visits to live-bird mar-
kets [117]. Another study provided an estimate of the
bird-to-bird reproduction number of close to 4, sug-
gesting that attempts to prevent the spread of H7N9
in birds would require significant effort, but that the
rate of bird-to-human transmissions was low and like-
ly to be reduced by timely bird market closures [118].

Risk assessments to determine pandemic potential

Two major risk assessment tools have been developed
by health agencies in Europe and the United States. A
risk assessment framework developed by the
European Food Safety Authority uses a prototype
spatial epidemiological model, which includes inputs
for both virological and epidemiological data [110].
The objective of the framework is to enable assess-
ment of the pandemic potential of new influenza
viruses or viral subtypes [110]. This model, known
as FLURISK, takes genomic information into ac-
count to evaluate the risk that the virus could cross
the species barrier [110]. It can utilize information
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from genome sequencing and assign the virus a
score that indicates its risk of jumping the species bar-
rier. For H7N9, genomic information from four
strains was input into the model, giving virus scores
between 0-3 and 0-89. As virus scores approach 1,
the likelihood of jumping the species barrier increases
[110]. The virus score, which represents virus-specific
components, can be used with a species-specific com-
ponent to generate a transmission coefficient. The
transmission coefficient can be put into a model that
estimates the number of new infections in the human
population as a result of contact with the affected
(avian) species [110].

Another influenza risk assessment tool, known as
IRAT, was developed by scientists at the U.S.
Centers for Disease Control and Prevention. It utilizes
a standardized set of elements that can be used to
evaluate the pandemic potential of pre-pandemic
viruses in comparison to one another [111]. The inten-
tion is to help officials determine where resources
could be most effectively placed based on the pandem-
ic risks of an influenza strain relative to other
influenza strains. The ultimate goal of the tool is to as-
sist in identifying appropriate candidate vaccine
viruses, and to have a vaccine in place for the pre-
pandemic strain before the virus becomes efficiently
transmitted between humans [111]. Two main ques-
tions, which together encompass the three major pan-
demic potential factors discussed above, are critical to
the IRAT tool. The first question, “‘What is the risk
that a virus not currently circulating in the human
population has the potential for sustained human-
to-human transmission?’ is intended to assess the
emergence potential of the virus [111]. The second
question, ‘If the virus were to achieve sustained
human-to-human transmission, what is the risk that
a virus not currently circulating in the human popula-
tion has the potential for significant impact on public
health?” addresses the potential impact the virus could
have in the population if the virus began circulating
in humans [111]. In addition to these questions, ten
elements were incorporated into the IRAT: (1) the
antigenic relatedness of the virus to current vaccines,
(2) available options for antivirals and other treat-
ments, (3) disease severity and pathogenesis of the
virus, (4) genomic variation of the virus, (5) distribution
in the global animal population, (6) human infections,
(7) animal infections, (8) immunity of the population
to the virus, (9) receptor binding ability of the virus,
and (10) transmission of the virus in laboratory
animals [111]. For both the emergence and impact


https://doi.org/10.1017/S0950268815001570

questions above, each of the ten elements is ranked
and weighted in order of importance in addressing
the two questions. The final weighted risk scores are
useful for comparing the pandemic potential of
influenza viruses that are not currently circulating in
the human population, but the scores do not give a
precise quantification of risk [111].

The IRAT element weights and the corresponding
unweighted and weighted risk scores for H7N9 and
H5NI1, as determined by Cox et al. and Trock et al
are shown in Table 2 and Figure 2 [111, 119]. The mag-
nitude of the weight corresponds to its ranking for that
element. When evaluating these elements with respect
to H7N9 and H5N1, many of the risk scores were simi-
lar for both viruses. For example, both H7N9 and
H5N1 were given risk scores of 8-5 for disease severity
[111, 119]. Other risk scores differed significantly, such
as transmission in laboratory animals (7 and 3 for
H7N9 and H5N1, respectively). H7N9 received a higher
overall IRAT score than H5N1 for both emergence and
impact. For non-avian influenza strains, researchers
concluded that H7N9 had a higher risk for emergence
(question 1) than North American HIN1, but a slightly
lower risk of emergence than H3N2. In terms of
potential impact (question 2), H7N9 ranked higher
than both North American HIN1 and H3N2 [111].

The IRAT uses input from subject matter experts
(SME?5) in various areas and fields, including epidemi-
ology, virology, human and veterinary medicine,
animal ecology, and risk assessment [111]; however,
theoretically, some elements of the IRAT could be
objectively scored by non-subject matter experts
(non-SMEs) (Table 2). While this may result in the
omission of some IRAT elements, it could still be use-
ful in determining risk scores based on the most critic-
al elements. This could enable use of the IRAT tool
for assessing the pandemic potential of an influenza
virus relative to itself by longitudinally comparing
IRAT risk scores at different points in time.
Scientists, policy makers, and health and government
officials could potentially use the tool to identify
changes in the IRAT risk score that may indicate
that the pandemic potential of the virus is increasing.

Cox et al. clearly define the risk group categoriza-
tion requirements for four of the ten IRAT elements
[111]. Definitions for four of the remaining six ele-
ments are proposed here as well as modifications to
the risk scoring to adapt the IRAT tool for use by
non-SMEs. Risk scores for low, moderate, or high
risk, currently corresponding to 0-3, 4-7, and 8-10,
respectively, could be modified to correspond to scores
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of 1, 2, and 3, respectively. This would result in less
score variation between assessments, but it would sim-
plify the scoring for non-SMEs.

Although the exact definitions for ranking the element
of human infection are not provided in the published
IRAT tool assessment, SMEs indicated that human in-
fection with the virus is the most critical piece of infor-
mation for addressing the question of emergence [111].
Information on reported H7N9 human infections and
current case counts are readily accessible from the litera-
ture and governmental organizations such as the WHO
and the Hong Kong Department of Health Centre for
Health Promotion [3, 120]. Information on suspected
transmission clusters or larger transmission events is
usually documented in the peer-reviewed literature.
The risk groups for the human infection IRAT element
could be defined as follows — low risk: no evidence of
human infection; moderate risk: reports of human infec-
tion, but sustained human-to-human transmission has
not been documented; high risk: reports of sustained
human-to-human transmission.

Population immunity is also a critical element for
determining the potential impact of an influenza
virus on a population. Cox et al. define the population
immunity risk groups as follows [111] - low risk: ‘evi-
dence of cross-reactive antibodies in at least 30% of
the population in all age groups except for children
<17 years of age’; moderate risk: ‘evidence of cross-
reactive antibodies in at least 30% of the population
only among persons >50 years of age’; and high
risk: ‘<10% of all age groups having evidence of
cross-reactive antibodies’. While the risk groups for
this element are clearly defined and could be objective-
ly scored, population-based serological studies may be
limited or may not provide information on antibody
cross-reactivity by age group.

For determining infection in animal species, a low
risk is defined as sustained transmission in wild species
[114]. Moderate risk is associated with minor out-
breaks or sporadic cases of disease in poultry or mam-
mals, cases of infection in mammals with minimal
human exposure, or sustained transmission in a few
host species. Endemicity in an animal species, particu-
larly in species with close human contact, and sus-
tained transmission in multiple host species are
classified as high risk. In general, this information
could be objectively identified in the peer-reviewed
literature, although geographic variation may need
to be considered.

Global distribution in animals could be objectively
determined by defining the risk groups as follows — low
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Table 2. IRAT Tool elements and weights as described by Cox et al. [111 ], potential for assessment by non-subject matter experts, and IRAT scores of H7N9 and
HS5NI as determined by the original IRAT tool

Potential Information Could be H7N9 IRAT score  H5N1¢ IRAT score  H7N9 IRAT H5N1¢ IRAT
Emergence impact publicly objectively (score x weight®) (score x weight®) score (score X score (score X
IRAT element weight weight available® scored® Emergence Emergence weight®) Impact  weight®) Impact
Human® infections  0-2929 0-1429 X X 5 (1-465) 5-67 (1-66) 5(0-715) 5-67 (0-81)
Transmission in 0-1929 0-0336 X X 7 (1-350) 3 (0-58) 7 (0-235) 301
laboratory
animals®
Receptor binding®  0:1429 0-0646 X X 63 (0:9) 3:3 (0-47) 6-3 (0-407) 3-3(0-21)
Population 0-1096 0-1929 X X 9 (0-986) 8:67 (0-95) 9 (1-736) 8-:67 (1:67)
immunity
Infections in 0-0846 0-001 X X 4-7 (0-398) 7-25 (0-61) 4-7 (0-005) 7-25 (0-01)
animals
Viral genomic 0-0646 0-0479 8:6 (0-556) 4 (0-26) 8:6 (0-412) 4(0-19)
variation
Antigenic 0-0479 0-0846 3-7 (0-177) 6 (0-29) 3-7 (0-313) 6 (0-51)
relatedness to
vaccines
Global distribution  0-0336 0-0211 X X 4-7 (0-158) 5-5 (0-185) 4-7 (0-099) 5-5(0-12)
(animals)
Disease severity 0-0211 0-2929 X X 8:5(0:179) 85 (0-179) 85 (249) 85 (2-49)
Antiviral and 0-001 0-1096 X X 5-8 (0-006) 4-5 (0-0045) 5-8 (0-636) 4-5 (0-49)
treatment options
Total IRAT risk - - - - 6-18 5-18 7-05 6-60
score

4 Information, when reported, may be located in peer-reviewed literature or government websites.
® Objective using the risk score definitions proposed here.

¢ As reported by Trock et al. [119] and Cox et al. [111].

4 Clade 1.

¢ Elements in bold font are characteristics of the virus directly related to humans.

fElements in italics are characteristics of the virus directly related to animals.

€ Elements that are underlined are general characteristics of the virus.
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Fig. 2. Relative weights of each IRAT element as they relate to pandemic influenza emergence (sustained
human-to-human transmission) and the potential impact on public health, in the case of an outbreak. Based on IRAT
weights in Cox et al. [111]. Arrow thickness is proportional to the contributive weight of the IRAT element to pandemic

influenza virus emergence or public health impact.

risk: infection in animal species has been reported in a
single country; moderate risk: infection in animal spe-
cies has been reported in multiple countries, but with-
in a single continent; high risk: infection in animal
species has been reported on multiple continents.

The objectivity in scoring the disease severity
element would depend on the criteria used. If mortal-
ity data were used to assign the virus to a risk cat-
egory, this element could be more objectively scored.
However, if the degree of clinical virulence is used to
determine this score, then the objectivity could be lim-
ited. Cox et al. reported disease severity risk scores for
three different influenza viruses: North American
HINI1, H3N2, and H7N9. These viruses were clas-
sified as low risk, moderate risk, and high risk, re-
spectively [111]. Based on reports, the case-fatality
rate for North American HIN1 (2009) was estimated
to be <0:02% [121]. By contrast, small studies have
reported H3N2 case -fatality rates from between
6-3% and 7-5% [122, 123], and the current H7N9 case-
fatality rate is between 36% and 39% [5, 31]. Based on
this data, the risk categories could be defined using a
mortality rate range for each risk group.

Two of the elements, viral genomic variation and anti-
genic relatedness to vaccines, are difficult to classify
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without some subject matter expertise. These data may
also be somewhat limited to the general public. While
these elements both have relatively low weights for both
emergence and impact as compared to other elements
[111], a high risk designation could have some influence
on the final score, and misclassification of a low risk
virus as high risk could vary the final risk score by as
much as a 0-1692 (antigenic relatedness to vaccines, low-
risk group: 0-0846 vs. high-risk group: 0-2538). Because
sensitivity of the overall score change is very important,
this misclassification could mask a change in risk group
for more important elements for each question. As such,
it may be preferable to leave these elements out of an
IRAT risk assessment performed by non-SMEs.

Limitations of risk assessment tool

One limitation of non-SME IRAT assessments is that
compared to SMEs, non-SMEs will be less able to as-
sess the inherent uncertainty in the risk score estimates
for the IRAT elements. Another limitation of
non-SME IRAT assessments is the lack of access to
information and data that might be available to an
SME [111]. Non-SMEs would also likely have more
difficulty determining an exact score when larger
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ranges are used for each risk group (e.g. 1-3, 4-7,
8-10). In some cases, ranges within a risk group
could be helpful for assigning risk scores of elements
with a more continuous change. For example, the
risk groups for antiviral and treatment options are
defined by Cox et al. as — low risk: no evidence of clin-
ically relevant resistance to any of the antiviral drugs
approved for human use (NA inhibitors and M2 block-
ers); moderate risk: sensitivity to all NA inhibitors, but
resistance to M2 blockers; high risk: viruses demon-
strating resistance to one or more neuraminidase inhibi-
tor antiviral drugs. However, when there are sporadic
reports of antiviral resistance for a virus, it may be diffi-
cult to classify it into distinct risk groups. Studies often
report resistant isolates as a proportion of several tested
isolates, and over time this proportion can change.

Elements of the IRAT tool that are quantitative
may be better suited for objective assessment and
ranking by non-SMEs. Qualitative elements may be
more difficult for non-SMEs to rank and may produce
the most variable risk scores, even when the data
required to rank the element is widely available. If a
wider range of scores were used (e.g. 1-3, 4-7, 8-
10), scoring within a risk group ranking (e.g. low,
moderate, high) would be more difficult for a
non-SME to determine and may require intra-analyst
assessment for consistency. Reduction in the score
range for each risk group rank would yield greater
consistency between analysts and analyses.

The application of the simplified IRAT tool is for
the evaluation of the intra-virus change in the IRAT
score rather than inter-virus comparison of scores.
As with the IRAT tool as described by Cox et al,
the score does not provide an absolute quantification
of risk, but can be used in the context of a comparison
[111]. Misclassification may have minimal effect if
the same misclassifications are used in intra-virus
comparisons. Although the IRAT tool was primarily
designed to assess viruses not currently circulating in
the human population, the simplified tool could also
potentially be used for annual assessment of seasonal
influenza strain severity.

The IRAT tool provides an excellent means for
assessing the relative pandemic risk of different
influenza strains. If a standardized set of criteria
could be established to enable the objective compari-
son of a virus to itself at different time periods, the
IRAT assessment could also serve as a robust instru-
ment for monitoring the progression of the pandemic
potential of influenza viruses, and could be a valuable
tool for pandemic preparedness.
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Conclusion

With the emergence of the zoonotic H7N9 virus in
China, there have been renewed concerns about the
potential for a pandemic to arise from an avian
influenza strain. The population’s immunological
naiveté combined with the ability for H7N9 to repli-
cate in mice, ferrets, and non-human primates, and
the limited ability of ferrets to transmit the virus via
airborne routes, suggests that the influenza A(H7N9)
virus has pandemic potential. However, there are
still significant barriers, particularly with respect to
transmissibility, that would have to be overcome for
an H7N9 pandemic to occur. Nevertheless, the rapid
increase in H7NO cases indicate that vigilance is cru-
cial and pandemic preparedness measures should be
taken now to minimize public health impact if sus-
tained human-to-human transmission of any zoonotic
influenza strain is achieved. Modelling reports have
indicated that the H7N9 virus demonstrates elements
of risk for pandemic potential and that some risks
may be increasing. Assessment tools are available to
evaluate changes in influenza viruses that may be useful
for indicating whether the pandemic risk of H7N9 is
increasing.
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