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Foreword 
The following Master Question List (MQL) was developed by the Department of Homeland 
Security Science and Technology Directorate (DHS S&T) to provide government decision 
makers with up-to-date information that will enable appropriate responses to the Highly 
Pathogenic Avian Influenza (HPAI) outbreak. This MQL summarizes what is known and what 
knowledge gaps exist to address fundamental questions such as, “What is the infectious 
dose?” and “How long does the virus persist in the environment?” The information provided is 
a succinct summary to facilitate structured and scientifically guided discussions across the 
federal government without the burden of the need to review scientific reports, and to prevent 
duplication of efforts by highlighting and coordinating research. 

Introduction 
Of the four types of influenza viruses (A, B, C, and D), influenza A virus (IAV) is the only virus 
known to cause pandemics. IAV is further classified into subtypes according to the 
biochemical nature of two proteins on the surface of each virus that help it invade host cells: 
haemagglutinin (i.e., H or HA) and neuraminidase (i.e., N or NA). IAV subtypes (e.g., H5N1) 
can be further classified into clades based on genetic similarity. IAVs are found in mammalian 
species, including humans, swine, canines, and avian across the globe. Avian influenza 
viruses (AIVs) naturally circulate among waterfowl and other migratory wild aquatic birds 
including ducks, geese, shorebirds, and gulls.1 These bird-specific strains of influenza are 
typically categorized as having low pathogenicity (low pathogenicity avian influenza [LPAI]), 
meaning that infected birds show no signs of disease or the symptoms expressed are mild. 
When LPAI is introduced from waterfowl and other wild aquatic birds into domestic poultry 
such as chickens or turkeys, LPAI can mutate into high pathogenicity (i.e., HPAI), meaning 
infection causes severe disease in birds and is often fatal. One exception is known, which are 
the gsGD lineage H5 viruses that circulate in wild migratory birds as HPAI and can be directly 
transmitted to domestic poultry as HPAI. The distinction between LPAI and HPAI is made 
based on the lethality of any particular strain of AIV to commercial chickens, as the mutation 
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from LPAI to HPAI typically occurs upon replication in domestic poultry species.2 Thus, the 
primary risk to the Homeland posed by AIVs is to commercial poultry farms within the United 
States.3 
 

Key Facts 
• The median infectious dose (ID50) of HPAI in birds depends on virus strain and bird 

species, but generally ranges from <101 to 104.6 infectious units (estimated average from 
reported infection values among ducks, chickens, and turkeys infected by intraocular and 
intranasal inoculation). 

• The United States Department of Agriculture (USDA) detected HPAI H5N1 in January 
2022, four weeks before the first detection in commercial poultry (turkeys) that signaled 
the beginning of the 2022/23 U.S. HPAI outbreak, affecting more than 58.7 million 
domestic birds (as of 06/07/2023).  

• The economic impact of the ongoing outbreak has not yet been estimated; however, the 
2014-2015 HPAI outbreak resulted in 50.4 million poultry affected at a cost of $850 million 
to the U.S. government, reduced the economy by $3.3 billion, and impacted international 
trade relations.4 

• HPAI strains include variants of H5 and H7. As of June 2023, H5N1, H5N2, and H5N8 
have been detected in the United States. 

• As of June 2023, there has been one reported detection of HPAI H5N1 in a human in the 
United States (Colorado), which occurred in an individual who was exposed to the virus 
while working at a commercial poultry facility. 

• There are currently four influenza antiviral treatments approved by the U.S. Food and 
Drug Administration (FDA) for use in humans: peramivir (Rapivab), zanamivir (Relenza), 
oseltamivir (Tamiflu), and baloxavir marboxil (Xofluza). These drugs block virus entry, exit, 
and replication within a host cell. 

• No single vaccine is effective against all strains of HPAI; existing vaccines are subtype-
specific. 
The cutoff date for information gathering related to this document was 06/07/2023. 
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* See the Infectious Dose section on Page 9 for more technical details. 

Major Findings by Topic Area 
Topic Overview of Current Knowledge  

INFECTIOUS DOSE 

• The median infectious dose (ID50) of avian influenza (AI) in birds 
depends on virus strain and host species, but generally ranges 
from <101 to >106 infectious units (estimated average from 
reported infection values among ducks, chickens, and turkeys 
infected by intraocular and intranasal inoculation).* 

• In general, lower doses of AIV are required to infect waterfowl 
than domestic poultry; however, wild birds show lower mortality 
than domestic poultry when experimentally infected.  

• The route of exposure affects the infectious dose in birds. The 
inhalation route appears more efficacious than the ingestion 
route.  

• AIVs are categorized as either having low pathogenicity (LPAI), 
meaning infected chickens show no signs of disease or the 
symptoms expressed are mild; or high pathogenicity (HPAI), 
meaning infection causes severe disease and is often fatal. The 
distinction between LPAI and HPAI is based on the lethality of a 
particular strain of AIV when tested against domestic chickens. 
However, regarding human infection with LPAI or HPAI viruses, 
high and low pathogenicity designations may not correlate with 
the severity of illness. 

TRANSMISSIBILITY 

• AIV is generally transmitted among birds via the fecal/oral route, 
but respiratory exposure can also lead to AI infection. 

• On average, infected birds transmit HPAI to approximately 1.5-
2.7 additional birds in the same flock and infected poultry farms 
tend to transmit HPAI to 1.1-2.4 additional farms. 

• Certain AIV strains transmit more frequently than others, and 
HPAI viruses are generally more transmissible than LPAI 
viruses. 

• During the current HPAI H5N1 global outbreak, there have been 
several reported cases in humans in close contact with infected 
birds, but no evidence of sustained human-to-human 
transmission. 

• Risk factors for human AI infection include direct contact with or 
close exposure to sick or dead poultry and visiting live poultry 
markets. 

HOST RANGE 

• Waterfowl and other migratory wild aquatic birds are the primary 
natural reservoir for most subtypes of AIVs. Domestic poultry and 
other birds can also be infected. Several animal species, 
including humans, can be incidental hosts to AI. 

• AIV strains capable of human infection include: H5, H6, H7, H9, 
and H10 subtypes. Symptoms are typically mild in humans, often 
presenting 3-5 days after infection, but can progress to upper 
respiratory tract disease and/or conjunctivitis.  
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• Cases of gsGD lineage HPAI H5N6 in humans have presented 
with severe disease and a corresponding 55% fatality rate; 
however, to date, there has been no evidence of human-to-
human transmission for H5N6. 

• Between January 2021 and March 2023, gsGD lineage HPAI H5 
infections have been reported in over 20 wild and captive 
mammalian species in the United States and Canada. 

INCUBATION PERIOD 

• Poultry generally exhibit clinical symptoms of infection hours to 
days after infection with HPAI virus and can shed virus prior to 
presentation of disease symptoms.  

• The flock level incubation period is 14 days, thus for disease 
control models, a 28-day period is used. 

• Mammals generally have incubation periods of 1-2 days. 
Humans infected with H5 AIV generally show clinical symptoms 
2-5 days after exposure, though longer incubation periods 
(≤17 days) are possible. 

CLINICAL 
PRESENTATION 

• Categorization of AI is based on its clinical presentation in 
chickens (i.e., low pathogenicity [LPAI] or high pathogenicity 
[HPAI]). 

• Humans infected with an HPAI H5 subtype virus generally exhibit 
acute respiratory illness including fever, cough, runny nose, 
headache, and difficulty breathing. 

• HPAI virus can cause up to 100% mortality in infected chickens.  
• Clinical signs of HPAI in poultry can include nasal discharge, 

coughing, sneezing, and general fatigue. More severe symptoms 
include facial swelling, bluing of comb and wattles, green 
feces/diarrhea, loss of muscle control, involuntary muscle 
movements, immobility, soft or misshapen eggs and/or reduced 
egg production, and death. 

• Infected mammals can present with clinical signs including fever, 
coughing, lethargy, diarrhea, and weight loss, with neurological 
signs such as seizures, ataxia, or tremors also possibly 
occurring. 

BIOSURVEILLANCE 
AND CLINICAL 

DIAGNOSIS 

• The primary methods of detecting AIV in poultry flocks are real-
time polymerase chain reaction (RT-PCR) analyses of 
oropharyngeal, cloacal, or tracheal swabs, other samples from 
sick or dead birds, or manure. 

• Migratory birds that travel long distances have a major role in the 
global spread of AIVs. 

• USDA Animal and Plant Health Inspection Service (APHIS) 
performs AI surveillance in migratory birds. The World Health 
Organization (WHO) continuously monitors AI and other zoonotic 
influenza viruses through its Global Influenza Surveillance and 
Response System, and in collaboration with the World 
Organization for Animal Health. The Food and Agriculture 
Organization (FAO) conducts human-animal influenza 
surveillance. 
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• AIV surveillance levels extend beyond normal measures for 
seasonal influenza, since AIV shedding may wane, and avian 
species carriers of AIVs may change.  

• H5 and H7 AIV strains are closely monitored for their ability to 
evolve from LPAI into HPAI strains-of-concern. 

VETERINARY 
MEDICAL 

COUNTERMEASURES 

• In the United States, the primary method of HPAI control and 
eradication in poultry is depopulation, rather than veterinary 
medical countermeasures to treat infected animals. 

• Amantadine and rimantadine were historically approved for use 
but are no longer recommended because circulating influenza 
strains are all resistant to these drugs.  

• Vaccination has several limitations; however, it is a strategy that 
can be used alongside other methods to control and prevent the 
spread of AI. 

HUMAN MEDICAL 
COUNTERMEASURES 

• There are currently four FDA-approved antiviral treatments for 
influenza in humans: peramivir, zanamivir, oseltamivir, and 
baloxavir marboxil.  

• For humans that are potentially exposed to or infected with 
known AIVs (e.g., H5N1), antiviral drugs may be used for 
treatment and for prophylaxis if given prior to the onset of 
symptoms.  

• Humans with a confirmed or suspected novel type of AI should 
be treated with neuraminidase inhibitor drugs (e.g., oseltamivir). 

• gsGD lineage HPAI viruses are resistant to amantadine and 
rimantadine. These drugs should not be used.  

• Purified antibodies against gsGD lineage H5 viruses have been 
tested in animal and limited human trials and appear safe. They 
exhibit some efficacy in in vitro studies but are limited against 
diverse subtypes and clades. 

VACCINES 

• Globally, several poultry AI vaccines exist, though their use is 
inconsistent across impacted countries. USDA maintains 
emergency vaccination guidelines, procedures, and vaccine 
recommendations. 

• No single vaccine is effective against all strains of AI; the existing 
vaccines are subtype and lineage specific. 

• April 2023 the USDA began HPAI vaccine trials of four 
candidates to test their efficacy in poultry against gsGD lineage 
H5N1 clade 2.3.4.4b, the strain causing the current outbreak. 

• AI vaccines do not prevent infection, but instead reduce clinical 
signs and mortality. Vaccinated birds can still transmit the 
infection to other birds, albeit at a lower frequency than 
unvaccinated birds. 

• Vaccines exert selective pressures on AIVs, which expedite AIV 
evolution and vaccine resistance. 
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DEPOPULATION/ 
CARCASS DISPOSAL 

• USDA-defined standard practice is depopulation within 24-48 
hours of HPAI identification on farms, followed by carcass 
disposal.  

• USDA-approved methods for depopulation include water-based 
foam systems (e.g., Kifco Avi-Guard or Spumifer handheld 
nozzles) or gassing (e.g., carbon dioxide, carbon monoxide, 
argon, or nitrogen). These methods are generally safe and 
effective, and gassing is identified as an accepted practice for 
euthanasia by the American Veterinary Medical Association 
(AVMA), though efficacy depends on poultry species. 

• Alternative methods such as Ventilation Shut Down (VSD) are 
conditionally approved as adjunct methods by USDA but must 
meet additional policy requirements prior to use. 

• USDA guidance on carcass disposal methods include 
composting, burial, incineration, rendering, and landfilling. 

• Early AIV detection and reporting is essential to limit disease 
spread and promote successful containment. On average, 
12 days are needed for on-site staff to recognize and report the 
illness. 

VIRAL PERSISTENCE 
AND 

ENVIRONMENTAL 
STABILITY 

• AIV persistence varies based on the environmental matrix.  
• AIVs can be 3-4x more persistent, dependent on strain, than 

human influenza viruses in aerosols, lasting up to 36 hours. This 
time decreases with increasing ambient temperature, humidity, 
and sunlight.  

• Porosity of contaminated surfaces is also a factor in virus stability 
in the environment. IAVs can persist for 24-28 hours on non-
porous surfaces such as stainless steel and plastic, but only 8-12 
hours on porous surfaces such as cloth, paper, and tissues. 

• Moist matrices can induce prolonged stability—up to several 
months in cold weather, natural wetlands, and on duck feathers 
and feces.  

• HPAI virus remains infectious in fresh and frozen poultry 
products, creating a potential importation hazard. 

DECONTAMINATION 

• USDA maintains protocols for decontaminating facilities affected 
by HPAI virus. Decontamination is a crucial component of an 
HPAI response. 

• HPAI-affected farms must undergo cleaning and removal of bulk 
debris, followed by disinfection via drying and heating (i.e., 100-
120°F for seven days) or wet disinfection with an approved 
product. 

• Different products or materials (e.g., equipment, soil, eggs) 
require different decontamination methods. 

• For facilities that cannot be adequately cleaned and disinfected, 
a fallowing period (i.e., allowing the virus to lie dormant and 
unoccupied) is required. The fallowing period depends on 
temperature and season but is typically 120-150 days. 
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• 70% ethanol is effective at decontaminating surfaces of HPAI 
H5N1.  

PERSONAL 
PROTECTIVE 

EQUIPMENT (PPE) 

• There is effective personal protective equipment (PPE) for those 
with a risk of exposure to HPAI virus. The recommended PPE is 
dependent on the task (e.g., poultry workers, laboratory staff, 
depopulation workers). 

• Recommended PPE for poultry workers includes safety goggles, 
disposable gloves, boots, a respirator (National Institute for 
Occupational Safety and Health [NIOSH]-certified at N95 or 
higher), an apron, and disposable fluid-resistant coveralls. The 
composition of fluid-resistant coveralls should be of a fabric that 
meets federal regulations (e.g., ISO 16603 ≥ 3.5 kPA).  

• PPE recommendations for laboratory workers vary by country-
specific authorities, but practices defined by USDA, Centers for 
Disease Control and Prevention (CDC), National Institutes of 
Health (NIH), and international authorities include high efficiency 
particulate air (HEPA)-filtered respirators, eye protection, and 
disposable coveralls.  

• In addition to frequent handwashing, PPE must be used when in 
direct contact with infected birds, as well as when handling 
poultry carcasses, poultry feces or litter, or when entering any 
premises where diseased or dead poultry may be present.  

GENOMICS 

• The presence of a polybasic cleavage site within the HA protein 
is characteristic of HPAI viruses and contributes to increased 
pathogenicity.  

• HPAI viral strains include variants of H5 and H7. 
• Genetic evolution of HPAI viruses is rapid, which contributes to 

their diversity. 
• There appears to be a propensity for gsGD lineage HPAI H5 to 

reassort with LPAI strains. 
• Emergence of new strains and variants of interest is difficult to 

predict. There is some evidence for 10-year periodicity of human 
pandemics. Periodicity of HPAI virus emergence in poultry is 
weak. 

VIRUS IMPORTATION 

• A risk factor for virus spillover into domestic poultry is close 
interactions between wild migratory birds and domestic poultry.  

• Domestic poultry farms close to migratory bird routes are at risk 
for HPAI virus infection. Preventive methods include early 
detection of clinical signs of AI, reducing illegal imports, and 
using biosecurity to prevent virus introduction and forward 
transmission. 

• Once HPAI virus has infected domestic poultry, disease spread 
can be rapid and losses to poultry flocks and the attendant 
economic losses can be severe. 
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Infectious Dose – How much agent will make a healthy individual ill? 
What do we know? 

Typically, the median infectious dose (ID50) of AI in birds is measured in median egg 
infectious dose units (EID50) or tissue culture infectious doses (TCID50), representing the 
amount of virus needed to infect 50% of inoculated eggs or tissue cells, respectively. For 
each measure, lower values indicate greater infectivity, as less virus is needed for 
infecting a host. 
• The ID50 of HPAI in birds depends on virus strain and host species, and can range from <101 

to 104.6 EID50 (estimated from reported values among ducks, chickens, and turkeys infected 
by intraocular and intranasal inoculation).5  

In general, lower doses of gsGD lineage HPAI will infect wild fowl compared to domestic 
poultry, although wild birds also show lower mortality than domestic poultry when 
experimentally infected with the same HPAI strain. 
• Intranasal and intratracheal inoculations of chickens with gsGD lineage HPAI H5N1 

(A/turkey/Turkey/1/2005) resulted in an estimated ID50 value of 102.5 EID50.6 
• Six-week-old white leghorn chickens (n=10/group) intranasally inoculated with 

106 EID50/200 µL of gsGD lineage HPAI H5N8 isolated from migratory birds in Eastern 
China (A/Wildbird/Cixi/Cixi02/2020) began to die three days post-infection (d.p.i.) with all 
infected chickens dying by five d.p.i.7  

• Intranasal inoculation of rooks (Corvus frugilegus) with gsGD lineage HPAI H5N1 
(A/mandarin duck/Miyazaki/22M807-1/2011) determined infection is primarily subclinical, but 
viral shedding from the oral cavity was <103 EID50 1-5 d.p.i.8 

• Intranasal inoculation of ducks with ≥104 EID50 gsGD lineage HPAI H5N6 (Clade 2.3.4.4e 
HPAI Tottori/1) caused subclinical infection with low oral viral shedding, but systemic 
infection from higher dosing (confirmed by immunohistochemical staining) led to higher viral 
shedding ranging from 104.5-105.7 EID50.9 

• The ID50 was determined through oculo-nasal infection of three groups of chickens and 
ducks (n=6/group) at three doses 103, 104 and 105 EID50 of A/chicken/England/053052/2021 
(H5N1) strain. The ID50 varied between the two species; for ducks, it was determined to be 
<103 EID50 and was determined to be higher in chickens at 104.67 EID50.10 

• Two-week-old mallards inoculated by the intra-choanal route with gsGD lineage HPAI H5N1 
A/American Wigeon/South Carolina/22-000345-001/2022 resulted in an ID50 of <102 EID50.11 

• The ID50 of a non-gsGD lineage HPAI H7N8 strain (A/turkey/IN/16-001403-1/2016) isolated 
from turkeys post-intrachoanal inoculation varied depending on the host species infected; in 
chickens, the EID50 was 103.2, but was lower in turkeys at <102 EID50 and mallards at 102.5 
EID50.12 

Poultry exposed to low viral titers of HPAI (102 EID50) do not produce fatal infection, but 
continue to accumulate live virus in skeletal muscles, potentially resulting in food 
contamination; however, this is likely strain-dependent. 
• A 2018 study intranasally challenged 30 ten-week-old Vanaraja chickens with varying 

concentrations of gsGD lineage HPAI H5N1 (102, 103, or 104 EID50). Birds inoculated with 
103 and 104 EID50 died by five d.p.i., but all chickens infected with 102 EID50 survived and did 
not show clinical signs of infection until three d.p.i. even though viral antigen was detected 
12-24 hours post-infection.13 

Infectious dose of HPAI and mortality is dependent on HPAI strain and species infected. 
• Experimental intrachoanal inoculation of chickens with four different gsGD lineage HPAI 

H5N2 strains resulted in ID50 values of 103.6, 103.2, 103.5, and 105.1 EID50 for 
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A/turkey/Minnesota/12582/2015, A/turkey/South Dakota/12511/2015, 
A/chicken/Iowa/13388/2015, and A/turkey/Arkansas/7791/2015, respectively.14 

• Estimates of ID50 of intrachoanal inoculation in turkeys with gsGD lineage HPAI varied 
based on virus isolate from 103 (A/chicken/IA/13388/2015) to 105 EID50 (A/northern 
pintail/WA/40964/2014 and A/turkey/MN/12582/2015), which indicates substantial variation 
in infectivity among different HPAI strains, even in the same host species.15 

• Experimental infection of mallard ducks (intranasal inoculation), with three gsGD lineage 
HPAI H5N2 strains (A/Tk/MN/15, A/Ck/IA/15, and A/Np/WA/14) determined a low infectious 
dose of <102 EID50 with no mortality observed at low (102 EID50) or high (106 EID50) doses. In 
contrast, a gsGD lineage HPAI H5N1 strain (A/Ws/Mongolia/05) had a mortality of 100% at 
the lowest dose (102 EID50) despite having a similar ID50 of <102 EID50 dose.14  

The route of exposure affects the infectious dose, with small particle aerosol exposure 
and inhalation routes more infectious than ingestion. 
• Ferrets, a common model for studying influenza in humans, were inoculated with gsGD 

lineage HPAI H5N1 viruses (A/Vietnam/1203/2005, A/Muscovy duck/Vietnam/209/05, or 
A/Whooper swan/Mongolia/244/05) through different routes. Infection with all three viruses 
was achieved with 106 EID50 intranasally and ∼109.5 EID50 through consumption of infected 
meat. Infection occurred with 108.3 EID50 after direct gastric exposure to meat infected with 
A/Vietnam/1203/2005.16 

• Non-human primates (NHPs) exposed to 4 mL of 107 plaque forming units (PFU)/mL of 
aerosolized gsGD lineage HPAI H5N1 (A/Vietnam/UT3040/2004) presented viral titers of 
103.60, 102.90, and 102.34 PFU/mL one day post inoculation from nasal swabs. Conventional 
inoculation of NHPs presented higher or equivalent viral titers of 102.40, 102.30, 104.53, and 
104.28 PFU/mL one day post inoculation.17 

Given its highly pathogenic nature, HPAI may have a similar infectious dose to seasonal 
influenza, but the median human infectious dose (HID50) of HPAI is currently unknown.  
• Guinea pigs are regarded as a highly useful model to study influenza. Experimental 

inoculation with a non-gsGD lineage HPAI H7N9 virus (A/Anhui/1/2013), which caused 
lethal infection in humans, determined an ID50 of three PFU in guinea pigs.18 

What do we need to know? 
• How infectious are AIVs in humans compared to seasonal influenzas? 
Transmissibility – How does it spread from one host to another? How easily is it spread? 

What do we know? 
Phylogenetic analysis of genomes suggest that the emergence of infections is due to 
invasions of co-circulating variants via wild bird vectors and secondary spread and 
transmission to backyard and commercial poultry.  
• Transmission of HPAI virus to poultry is influenced by multiple risk factors at the local level, 

with the most critical originating from wild bird populations, the proximity of wetlands, the 
distance between poultry houses, species composition, and the activities used in raising the 
poultry. Another important aspect of disease transmission is negligence, or the loose 
implementation of biosecurity and preventive measures combined with low levels of 
surveillance.19 

The main exposure and shedding routes for HPAI virus in birds are via oral and cloacal 
(i.e., urinary, gastrointestinal, genital tract) routes, although respiratory exposure may 
also lead to HPAI infection.20 
• HPAI H5N1 viruses replicate to high titers in the respiratory tract and intestinal tract, and 

virus is excreted in high titers in both feces and oral secretions.21 
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• Higher cloacal virus shedding of wild ducks may increase transmission between wild birds 
and poultry.22 Experimental infection in ducks with an HPAI virus clade 2.3.4.4 showed high 
levels of infection, high shedding in the environment and efficient transmission in ducks 
highlighting their role in the spread of disease. However, this strain appears to be duck-
adapted as the same strain showed lower rate of infection and transmission in chickens.10 

• Environmental transmission of HPAI H5N8 virus occurs via fecal contaminated water.22 The 
estimated average number of secondary infections from a contaminated environment (Renv) 
was three. When Renv > 1, this is considered efficient for the transmission of virus to 
chickens from contaminated water.22 

On average, infected birds transmit HPAI to between 0.9-3.0 additional birds in the same 
flock. This range represents the R0, which is the calculated value for communicable 
diseases that represents the number of additional birds that one infected bird can infect. 
• Analysis of outbreaks between 2003-2018 provided an R0 estimate by maximum likelihood 

analysis of 1.69, 1.60, and 1.49 for H5N1, H5N8, and H5N6, respectively.23 
• Laboratory experiments of airborne transmission rates of HPAI H5N1 strain 

A/turkey/Turkey/1/2005 between chickens was low: 0.13 and 0.10 new infections per 
infectious bird at 0.2 meters and 1.1 meters distance, respectively,24 which suggests bird-to-
bird airborne transmission contributes less than other routes. 

• Experimental studies on the environmental air samples, dust, feathers, and other fomites 
suggest that airborne transmission of HPAI clade 2.3.4.4b between premises is low, with the 
outdoor spread of infectious viral particles in the air at ≤10 m. Other parameters such as 
indirect contact with wild birds and biosecurity practices pose a greater threat for HPAI.25 

On average, infected poultry farms tend to transmit HPAI to 1.1-2.4 additional farms at 
the start of outbreaks. 
• Analysis of four commercial poultry HPAI H7 outbreaks estimated the farm-to-farm R0, pre-

intervention mean range 1.1 to 2.4.26 The generation time between reported infection in one 
farm and confirmed infected in the next farm in the infection chain varied between 1.9-8.4 
days, suggesting substantial variation in farm-to-farm spread.26 Control measures 
(i.e., culling of tens of millions of birds, movement restrictions, and pre-emptive destruction 
of high-risk flocks) reduced farm-to-farm R0 below 1, effectively ending the outbreaks.26 

• Modeling studies to evaluate the spread of HPAI from farm-to-farm note that the following 
steps will reduce virus transmission over time: culling birds on infected farms, culling birds 
on contiguous premises, banning the restocking of emptied farms, and enforcing restrictions 
to reduce the number of vehicles and staff on and among farms.27 Additional studies 
evaluating the risk of transmission between farms identified that small backyard farms have 
the highest risk, which is due to the number of people visiting the farm and the other farms 
on the same day, and they also had the highest amount of direct contact with birds.28 High 
risks for HPAI introduction were also noted in layer finisher type poultry due to the increased 
number of contacts to these farms and the use of cardboard egg trays for removing eggs.29 

• Analysis of the 2016/17 HPAI H5N8 poultry farm outbreaks in Hungary, Germany, Poland, 
and the Czech Republic identified there were more farm-to-farm transmission events within 
countries (estimated R0 range [0.2-1.3]) than wild bird-to-farm transmission. Wild bird-to-
farm transmission did occur in the middle of the epidemic. It was not entirely associated with 
the start of the epidemic and was most prevalent in the Czech Republic (estimated R0 4.6). 
Biosecurity measures prevented more cross-border transmission than local farm-to-farm 
transmission in Germany, Hungary, and Poland.30 

• Comparison of the effective R0 at live bird markets during the fifth wave of infection, when 
H7N9 became highly pathogenic in China, reached a median estimate of 2.2. The previous 
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low pathogenic H7N9 waves held medians <1-3.6 between live bird markets, suggesting a 
higher transmissibility of the highly pathogenic H7N9.31 

Waterfowl, including ducks, appear to be driving the transmission of LPAI and HPAI to 
domestic poultry. 
• While gsGD lineage viruses are the only HPAI viruses known to circulate in wild birds, HPAI 

viruses that have emerged from LPAI have been isolated from wild birds during outbreaks in 
poultry.32 

• Migratory waterfowl, primarily of the Anatidae family (ducks, geese, and swans), are major 
carriers of novel virus strains. The identification of new HPAI strains in poultry is more 
prevalent within migratory pathways.33 

• Experimental studies have shown that environmental contamination is twice as high for 
LPAI- than HPAI-infectious ducks.34 

• Evaluation of viruses from 2017-2018 in Bulgaria of natural infection of gsGD lineage HPAI 
H5N8 in domestic ducks and poultry have shown, through evaluation of the HA gene, that 
domestic ducks are potentially driving the transmission to poultry and should be included in 
regular surveillance, along with wild birds, as outbreaks continue to occur.35 

• Overall susceptibility varies among wild birds; house sparrows are highly susceptible to 
gsGD lineage HPAI H5N1 and shed virus for several days prior to onset of symptoms, while 
rock pigeons are more resistant.36 

• HPAI viruses can also be transmitted by direct contact and aerosol in mammals.37-38  
Risk factors for human HPAI infection are direct contact with or close exposure 
(≤1 meter) to sick or dead poultry in the week before illness onset, or visiting a live 
poultry market.39-40  
• Transmission of HPAI to humans in Egypt is likely due to airborne transmission of HPAI 

virus during home slaughter of poultry. Caregivers of the poultry are infected at a higher 
rate. A contained poultry slaughter procedure was developed to reduce the airborne 
transmission and zoonotic infection of HPAI.41 

• 2022/23 reports to WHO of confirmed human cases all involve close contact with poultry42 or 
environmental exposure to sick or dead sea lions and wild birds.43 

• There is no direct evidence that HPAI viruses are transmitted to humans via consumption of 
contaminated poultry products,44 but there is evidence that tigers, leopards, martens, ferrets, 
and domestic cats and dogs have been infected with H5N1 AIV after eating contaminated 
poultry meat and blood.45  

• There is low risk of animal-to-human transmission of HPAI H5 viruses, according to a study 
examining 60 outbreaks in 13 states; of 164 people exposed to infected birds, five 
developed acute respiratory infection within 10 days of exposure, but none tested positive 
for H5N1.46 

• Human infection from European reassortant HPAI H5N6 is low, despite confirmed incidence 
among wild birds and human exposures to those birds.47 

• There is an increased likelihood of gsGD lineage HPAI H5 viruses gaining human-to-human 
transmissibility.48 

• Poultry is a source of human infection of HPAI H7.31, 49 
• The USDA and FDA have assessed the risk of humans becoming infected with HPAI virus 

through contaminated cooked poultry meat, shell eggs, or egg products to be low.50 
What do we need to know? 
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• What is the relative contribution of factors that influence transmissibility between farms 
(e.g., wild birds, shared farm equipment, human movement)? 

• What is the typical generation time or serial interval for infections in poultry? For wild birds? 
• Is transmission heterogeneous, in the sense that only a few animals contribute the most to 

new cases? 
• What is the potential for HPAI H7 viruses to transmit to and among humans, and what would 

further enable it? 
Host Range – How many species does it infect? Can it transfer from species to species? 

What do we know? 
Migratory aquatic birds are the primary natural reservoir for most subtypes of AIVs,33 but 
domesticated poultry and other birds can also be infected.51  
• HPAI virus has been found in gallinaceous poultry (pheasants, quail, guinea fowl), game 

birds, ducks, geese, ratites, pigeons, vultures, raptors, and cage birds.51-52  
• Tree sparrows can test positive for H5N1 and can experimentally harbor virus in their 

respiratory and gastrointestinal tracts. Raptors and carrion birds are also susceptible to 
H5N1.53-54  

• Domestic ducks may spread HPAI H5N1 viruses to other poultry and wild birds due to high 
levels of viral shedding,22 and both wild waterfowl and ducks may appear clinically normal 
while harboring systemic infections,53, 55-56 but this will vary depending on the HPAI strain.57 

Many animal species, including humans, are susceptible to AIVs, despite not being the 
primary reservoir hosts. 
• gsGD lineage HPAI H5N1 was initially detected in geese (A/goose/Guangdong/1/1996) and 

emerged among poultry in China;58-59 and has since been detected in wild and domestic 
birds.42, 60  

• The USDA tracks reports of HPAI in mammals and during the ongoing 2022/23 U.S. HPAI 
outbreak, gsGD lineage HPAI H5N1 has detected the virus in American black bear, grizzly 
bear, Kodiak bear, American marten, amur leopard, amur tiger, bobcat, bottlenose dolphin, 
coyote, fisher, grey seal, harbor seal, mountain lion, North American river otter, raccoon, red 
fox, striped skunk, and Virginia opossum.61 Detection reports from the United States and 
Canada have also included Atlantic white-sided dolphin, harp seal, harbor porpoise, mink, 
muskrat, and North American beaver.54 Additional reports include detection of gsGD lineage 
HPAI H5N1 in dogs,62 tanukis,63 lynx,64 domestic cats, stone marten, donkeys, civets, and 
lions.53   

• Foxes have tested positive for gsGD lineage HPAI H5 in several U.S. states and Canada,54, 

65-66 as well as in Japan63 and the Netherlands.67-68  
• In 2022, gsGD lineage HPAI H5N1 was detected in polecats, a badger, and an otter in the 

Netherlands68 and was detected in a harbor porpoise that died from meningoencephalitis in 
Sweden.69  

• In October 2022, farmed mink were found to be highly susceptible to gsGD lineage HPAI 
H5N1 and a mutation in the PB2 gene. Mink-to-mink transmission was indicated to have 
occurred.70 

• In January of 2023, it was reported for the first time that three grizzly bears from Montana 
tested positive for HPAI after being euthanized due to neurological issues.66 

• WHO has reported several human cases of HPAI H5N1 clade 2.3.4.4b associated with the 
global outbreak since 2020.71 One case from China,72 two from Spain,73 one case from 
Vietnam,72 one case from the UK,74 and one case from the United States.71 Recently 
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another human case was reported from Chile,75 after the detection of a suspected human 
case in Ecuador.76-77  

• Domestic pets such as dogs and cats, who have regular access to the outdoors, can also 
become infected with HPAI.78 There is evidence domestic cats and dogs have been infected 
with H5N1 in multiple locations, including Germany, Thailand, and North America.79-80 

• Animals most likely become infected by eating the carcasses of HPAI-infected birds.78 
• Experimental infections of gsGD lineage HPAI H5N1 and reassorted viruses have also 

occurred in cats, dogs, foxes, pigs, ferrets, laboratory rodents, cynomolgus macaques, and 
rabbits.51 gsGD lineage HPAI H5N2 was recovered from a dog and was transmissible to 
other dogs, chickens, and cats,51 and has been associated with multiple ostrich outbreaks.81 

• Experimental gsGD lineage HPAI H5N8 infection has shown low to moderate virulence in 
ferrets and mice, while black rats did not shed virus or seroconvert,51 and has been found in 
serological studies from natural infection of gsGD lineage HPAI H5N8 in pigs.82 gsGD 
lineage HPAI H5N8 has appeared in poultry, wigeons, mute swans, gyrfalcon, ostrich, 
penguins, wild waterfowl, and domestic ducks.57, 81, 83-87 gsGD lineage HPAI H5N6 has been 
isolated from pigs51 and detected in wild birds.88  

• Reassortants of gsGD lineage HPAI H5N1, including H5N8, are found in poultry, but it is 
unknown how long wild birds can maintain gsGD lineage HPAI H5N1 viruses or if they can 
become reinfected. They have been shown to transfer H5N1 and reassortants (including 
H5N8) to new geographic regions.51 gsGD lineage HPAI H5N8 has been detected in gray 
seals in Poland.89 

• HPAI H7N9 emerged in China in 2016 in poultry and was transmitted to humans. The host 
range expanded to ducks. A vaccination campaign decreased the detection in poultry and 
humans, but HPAI H7N9 re-emerged in poultry in Southwest China in 2021.90 

Sustained transmission in mammal populations is uncommon. 
• Although there are cases of mammalian host-to-host transmission of HPAI viruses,70, 91 

sustained transmission is uncommon in mammals.53 Dogs have experimentally transmitted 
H5N2 to other dogs, chickens, and cats.51 Tiger-to-tiger transmission was suspected during 
outbreak of HPAI H5N1 in a zoo in Thailand.92 HPAI H5N1 viruses rarely transmit from 
human to human.93 

• It is possible for HPAI viruses to adapt to humans. Human infections have been reported 
from HPAI H5N1 viruses.53, 75 71, 94 H5N8 was detected in human poultry workers during an 
outbreak on poultry farms in Russia, although the humans did not have symptomatic 
disease.95 Sequence analysis of HPAI H5N1 isolates from mink were shown to have PB2 
gene mutations that enhance the polymerase activity of influenza in mammalian cells.70 

• The risk of people catching HPAI from companion animals is considered extremely low, 
however it could theoretically be possible.78-79 A documented case of LPAI transmission 
from cat to human occurred in NY in 2016.96  

The primary circulating gsGD lineage HPAI H5N1 clade shifts through time. 
• Prior to 2009, gsGD lineage HPAI H5N1 clade 2.2 viruses caused most outbreaks in birds; 

from 2014, gsGD lineage HPAI H5 clade 2.3.4.4 viruses were the dominant strains, with 
subtypes H5N1, H5N2, H5N3, H5N4, H5N5, H5N6, and H5N8 detected. Between 2020 and 
2021, dominant subtypes have included H5N8, H5N1, H5N3, H5N4, and H5N5.83 Novel 
gsGD lineage HPAI H5N8 clade 2.3.4.4b virus was detected in 2020 in wild and domestic 
birds in Russia, Iraq, Kazakhstan, Europe, Japan, and South Korea.97-100 In 2017, a novel 
2.3.4.4b H5N6 was detected in wild and domestic birds in China.101 
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• HPAI H5N6 viruses have been shown to be less pathogenic in mice and ferrets, but showed 
a higher level of transmission in ferrets and an enhanced affinity for binding to human 
receptors.102 Human cases of H5N6 have occurred with severe disease and 55% fatality 
rates, but there has been no evidence of human-human transmission.103 

What do we need to know? 
To better understand the risk of transmission to species other than birds, we need more 
information on the role of viral diversity on host susceptibility: 
• What is the risk of human and animal infection and subsequent transmission due to natural 

diversity of H5N1 subtypes?53 
• What is the role of domestic animals in transmitting and maintaining H5N1?53 

Incubation Period – How long after infection do symptoms appear? Are animals 
infectious during this time? 

What do we know? 
Birds generally exhibit clinical symptoms of infection such as coughing, sneezing, and 
nasal discharge hours to days after becoming infected with an HPAI virus, however they 
can shed HPAI virus during the incubation period prior to clinical signs. 
• Incubation periods for HPAI vary and are dependent on infectious dose, transmission 

acquisition, and environmental factors. Determination of infection duration and incubation 
time is confounded when no clinical symptoms are present. Naturally infected chickens have 
an incubation period from 3-14 days.104  

• In poultry, the incubation period can range from hours to days. For disease control 
considerations, a 28-day incubation period is used for avian populations.105 Mammals are 
thought to have short incubation periods of 1-2 days.51 

• The duration of infection depends on the host species, virus strain, and severity of 
infection.51 Waterfowl can shed virus before clinical signs appear.51, 53 Studies have found 
virus shedding in chickens and wild birds within 1-2 days following exposure.106-107  

• The incubation period in individual birds can be a few days, whereas herd incubation (the 
incubation period through a flock of birds) can be a couple of weeks with ongoing 
transmission between the birds of the flock occurring through inhalation or ingestion.108-109  

Humans infected with H5N1 AI generally show clinical symptoms 2-5 days after 
exposure, though longer incubation periods (≤17 days) are possible. 
• For AIV (H5N1) infections in humans, incubation periods average 2-5 days after virus 

contact or contact with exposed live poultry, often being described as “within the week prior” 

110-112,113 and while rare, on the high end can range from 8-17 days.51, 95, 114 For human 
infections with the HPAI (H7N9) virus, incubation period ranges from 1-13 days,51 with an 
average of 3-5 days.111 

• No epidemiological evidence supports the food chain as a source of transmission for HPAI 
H1N5 in humans; however, it remains hypothetical based on virus detection in fecal and 
rectal swab samples.16 This route of exposure is poorly described and it is unknown if the 
incubation period is different than for a respiratory route of exposure.110  

• There are limited examples of possible human-to-human transmission of HPAI115 however in 
the few documented cases of likely spread, the incubation period was measured at 3-5 
days, with one instance of an incubation period of 8-9 days.116 
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What do we need to know? 
• How infectious are individuals during the incubation stage relative to the symptomatic 

stage? 
• Consumption of infected tissue or water has been suggested as a source of human 

infection.110 If infection is acquired this way, does it alter the incubation period?  
• To inform sensitivity of diagnostic tests and improve modeling, to what extent is HPAI H5N1 

shed during the incubation period?  
Clinical Presentation – What are the signs of infected individuals? 

What do we know? 
HPAI and LPAI refer to high or low pathogenicity in chickens (respectively), not humans 
or other animals.117  
• LPAI viruses can cause serious illness in humans, but generally not in chickens.117 Clinical 

symptoms of LPAI in humans can include conjunctivitis, fever, runny nose, sore throat, 
cough, and severe respiratory symptoms such as pneumonia and respiratory failure, even 
death. Few cases are asymptomatic.118 

HPAI can cause up to 100% mortality in infected chickens. Clinical presentation in birds 
can include mild to severe respiratory disease signs as well as neurological issues, 
problems with egg production and formation, and even sudden death. Mortality can also 
occur without any other external clinical signs of infection in birds.  
• Clinical signs of HPAI in birds can include common respiratory illness signs such as nasal 

discharge, coughing, sneezing, and general fatigue. More severe symptoms are facial 
swelling, comb and wattles turning blue,119 green feces/diarrhea, loss of muscle control, 
involuntary muscle movements and spasms, immobility, death,120 and egg abnormalities 
such as soft or misshapen eggs, reduced egg production,121,122,51 or eggs without shells.123 
Mortality can occur without external clinical signs of infection, and an increase in mortality 
within flocks is sometimes the only sign of this virus.122 

• Inoculations of HPAI H5N8 in chickens causes 50-100% mortality.124 Necropsy examination 
reveals edematous, hemorrhagic, and necrotic abdominal organ lesions.124 

• HPAI H5N1-affected chickens can also die without outward clinical signs.125 Histologically, 
these birds show necrosis in the spleen, brain stem, cerebrum, cerebellum, pancreas, and 
lymphoid tissues in intestinal lamina propria.125 HPAI virus is thought to be excreted 
primarily from the digestive tract.125 

• HPAI-infected wild birds such as waterfowl or migratory birds are often asymptomatic; 
however, recent surveillance shows the possibility that a clinical sign of HPAI infection in 
wild birds could be a reduction in the number of movements over a time period or decreased 
flight distance.126 As the spread of HPAI infection between wild and farmed birds is 
becoming more documented, and is believed to have played a large role in the 2021-2022 
epidemic, defining and understanding clinical presentation of wild and migratory birds will be 
crucial in controlling transmission to domestic poultry.127-131  

While rare, it is possible for other animals to become infected with AIVs.78-79 
• Infected mammals can present with clinical signs often found in other diseases, including 

fever, coughing, lethargy, diarrhea, and weight loss,79, 132 with neurological signs such as 
seizures, ataxia, or tremors also possibly occurring.133 Laboratory animal models show 
these clinical signs can range from mild to fatal.132 

Humans infected with HPAI H5 virus generally exhibit acute illness including fever, upper 
respiratory tract symptoms, myalgia, and lower respiratory tract illness.121 However, 
humans can present with more severe symptoms including pneumonia, gastrointestinal 
issues, encephalitis, septic shock, multi-organ failure, and even death.95, 121 
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• Fever is common, but not always present. The less common symptoms to be aware of 
include nausea or vomiting, diarrhea, or seizures.134  

• Significant clinical human illness is the feature of a pandemic IAV strain.135 
• A strong index of suspicion of human H5N1 virus infection is warranted with cases of rapid 

onset fever and respiratory illness after having exposures to potentially infected poultry.39  
• Current CDC HPAI H5 or H7 virus human exposure monitoring guidance for avian outbreak 

responders: self-reporting illness (passive monitoring) for those wearing adequate PPE. For 
those with inadequate or lacking PPE, active disease monitoring is advised. For those 
responding to an AIV of unknown origin, active monitoring during exposure and continuing 
for 10 days post-exposure are recommended, regardless of PPE use.136 

• Personnel involved in culling operations or others with close contact of known infected birds 
should monitor closely for neurological or respiratory symptoms, as well as conjunctivitis, for 
at least 10 days following the exposure.129  

Prior to 2022, there were no confirmed HPAI H5 infections in humans in the United 
States,121 though sporadic human infections have been reported in other countries 
(e.g., H5N8 in Russia,137 H5N6 in China,138 H5N1 in China,139 Cambodia, Vietnam, Laos, 
Egypt, and Indonesia).140 However, in April 2022, a case of H5N1 was identified in a 
poultry worker in Colorado.141 
• The U.S. patient was involved with culling infected poultry at a Colorado farm with confirmed 

H5N1 cases in the poultry. He presented with fatigue and was confirmed positive for H5N1 
by the Colorado Department of Public Health and Environment Laboratory Services as well 
as the CDC. He was treated with antivirals and recovered without hospitalization, with no 
further spread to close contacts.141 

• In December 2022, there was one case of human infection from backyard poultry in 
Ecuador, the first in Latin America or the Caribbean.76 In February 2023 in Cambodia, a 
father and daughter both tested positive for H5N1 after exposure to village poultry, with the 
infection being fatal to the daughter.142-143 In March 2023, Chile had its first case of human 
infection as well.75 Since 2020, there have been five cases of humans infected with H5N1 in 
the WHO European region, including two poultry workers testing positive in the UK in May 
2023.144  

• The WHO tracks all human cases of H5N1, which as of 6/07/2023 includes data from 2003 
through April 24, 2023.145  

What do we need to know? 
• To what extent have subclinical or asymptomatic HPAI infections been underreported in 

humans? 
• Is there any discernable pattern based on timing or progression of symptoms that would 

allow farmers to recognize HPAI infections more quickly in their flocks?  
Biosurveillance and Clinical Diagnosis – Are there tools to diagnose infected 

individuals? When during infection are they effective? Are there ongoing surveillance 
efforts to detect HPAIs? 

What do we know? 
The primary method of detecting AI in poultry flocks is real-time reverse transcription 
polymerase chain reaction (rRT-PCR) from cloacal and oropharyngeal/tracheal swabs,146 
sampling from sick and dead birds,147 and manure.148 
• RT-PCR is used for evaluating the presence of HPAI in manure from commercial flocks,148 

and, along with sequencing, provide confirmatory testing for HPAI presence.33 Validated RT-
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PCR assays allow for detection of HPAI H5 viruses and co- circulating LPAI viruses, and 
considerably reduce diagnosis times.149  

• RT-PCR viral detection is typically possible within a few days of disease onset.150 
Laboratory diagnoses also include immunodetection of virus antigen/antibody.  
• HPAI virus can be identified by the presence of IAV using agar gel immunodiffusion, enzyme 

immunoassay, immunofluorescence assays, and enzyme-linked immunoadsorption 
assays.151 

• Antigen detection is widely used globally for AI identification in poultry flocks for early 
detection and containment initiation.2, 152 

• According to CDC and WHO guidelines, rapid antigen detection tests, such as 
immunofluorescence or enzyme immunoassay, should not be the diagnostic method of 
choice in the event of a suspected outbreak of AI.95, 153 Rapid antigen testing for HPAI is 
often falsely negative in confirmed cases.150 

• Farmers and staff can play a key role in the elimination of AIVs, in part through basic 
education on early detection and biosecurity.154 The use of disinfection booths for farm 
visitors or workers was associated with lower risk of H5N6 infection in individual farms 
during an outbreak in Korea.155 

Migratory birds that travel long distances have a major role in the global spread of 
AIVs.156 
• An important component of biosurveillance is wild bird carcass surveillance from target 

species.157 In wild birds, passive surveillance (from dead birds) is an appropriate method for 
HPAI surveillance when HPAI infections are associated with bird mortality, whereas active 
surveillance (from live birds) has an extremely low efficiency for detecting HPAI virus.158 

• When positive cases of HPAI are detected in a country or region, surveillance protocols for 
wild birds should be initiated, as the movement of migratory waterfowl is considered a 
potential risk for virus transmission into non-infected areas.151 

• Birds in Anseriformes (ducks, geese, and swans) and Charadriiformes (shorebirds) orders 
are considered natural reservoirs for all AIVs; AIVs have been most frequently isolated from 
these birds.159 Spillover of gsGD lineage HPAI H5 from wild to domestic birds is complex. 
Wild gulls and ducks play a large role in geographic spread of HPAI H5, but primarily 
transmit to other wild birds as opposed to domestic poultry directly.160 Wild land birds (e.g., 
crows, songbirds, raptors), on the other hand, were observed more often to transmit directly 
to domestic ducks, chicken, and turkey compared to other wild HPAI H5 sources.160 
Similarly, wild geese were responsible for more transmission to domestic poultry than wild 
ducks, suggesting that wild geese and swans are an underappreciated source of HPAI H5 
spillover.160  

• HPAI vigilance must be continuous, since HPAI disease severity may wane and avian 
species carriers of HPAI viruses may change.161 Additionally, the presence of important 
long-range HPAI vectors is generally seasonal, which should influence active sampling 
schemes to supplement passive sampling.55  

• Mutation from an LPAI H5 or H7 virus to an HPAI virus occurs in poultry, warranting periodic 
virus surveillance in domestic flocks.162 

Monitoring for HPAI is conducted by the USDA in the United States, as well as by 
international partners in their respective regions. 
• The United States Geological Survey National Wildlife Center in Wisconsin conducts 

enhanced HPAI surveillance and has identified lethal HPAI infections in diverse raptor 
populations.163 USDA APHIS performs AI surveillance in migratory birds.52, 164 WHO 
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continuously monitors AIV and other zoonotic influenza viruses through its Global Influenza 
Surveillance and Response System, and in collaboration with the World Organization for 
Animal Health and the FAO, conducts human-animal surveillance.95  
o USDA, together with the Center for Food Security and Public Health, implemented a 

biosecurity resource based off of the Checklist for Self‐Assessment of Implementing 
Poultry Biosecurity as part of initial response.165 

o Appraisal and Indemnity resources are available for backyard flocks affected by HPAI.166  
• Wild bird LPAI/HPAI viral sampling is primarily from several genera from the family 

Anatidae.167 USDA determines which watersheds to conduct virus surveillance based on 
significant historic influenza clusters, identification of flyway mixing of dabbling ducks within 
the lower 48 states and watersheds with high quantity of domestic chickens and turkey, as 
well as the median annual number of days above and below 0°C in a watershed.167 

• USDA detected gsGD lineage HPAI H5N1 in January 2022 (via hunter-harvested bird 
sampling),52 four weeks before the first detection in commercial poultry (turkeys)168 that 
signaled the beginning of the 2022/2023 U.S. HPAI outbreak affecting more than 58.7 
million domestic birds (as of 06/07/2023).168  

• The National Wildlife Disease Program (USDA/APHIS/Wildlife Services) monitors HPAI in 
mammals across the country.61 As of 6/07/2023, over 195 HPAI H5N1 virus detections in 
mammals have been reported as part of the 2022/2023 U.S. outbreak.61 

• The 25 member nations in the Global Consortium for H5N8 and Related Influenza Viruses 
monitor global circulating AIVs.156 Similarly, 31 European countries routinely sample 
commercial and backyard poultry flocks, as well as wild birds for circulating LPAI and 
HPAIs.169 This type of surveillance can help establish, for instance, whether new genomic 
variants likely arose from locally circulating strains, or whether they were imported from 
other sources.170  

• AIV surveillance in wild waterfowl is accomplished via RT-PCR from oropharyngeal, cloacal, 
and feather swabs, alongside sequencing and serological analysis of antibodies against 
IAV.55 Swabs from feathers may be more sensitive than cloacal or tracheal swabs, though 
this advantage may be restricted to later stages of infection (≥3 d.p.i.).171  

• Clinical signs alone cannot distinguish an LPAI from HPAI.172  
What do we need to know? 

• How effective are methods for identifying LPAI with the potential to develop into HPAI?173 
• Are there inexpensive, effective, field-based diagnostic methods that can be widely 

deployed? 
Veterinary Medical Countermeasures – Are there effective treatments? 

What do we know? 
In the United States, the primary method of HPAI virus control and eradication in poultry 
is depopulation, rather than use of veterinary countermeasures to treat infected 
animals.104 
• USDA instructs responsiveness to HPAI virus by isolating and depopulating an infected 

population. In extreme cases, emergency vaccinations can be administered to the 
animals.104 

There are several medications available that reduce clinical signs and potential for 
transmission in infected poultry,174 though they are not used in the United States.  
• Experimental intranasal infections in chickens with HPAI H5N6 were treated with oral 

baloxavir marboxil or peramivir either immediately or 24 hours post-challenge. Only those 
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chickens treated immediately post-challenge with baloxavir marboxil showed significant 
reduction in viral titers and protection from death.175 

• Methylated soy protein has potential to prevent or treat HPAI in some chickens.176 
• Oseltamivir reduced mortality and transmission when administered to chickens infected with 

HPAI H5N2, but transmission resumed once antiviral treatment ended.177 Zanamivir was 
ineffective at reducing HPAI mortality or transmission between chickens.177  

• Resistance to amantadine has been resolved to a single mutational polymorphism at the 
S31N location of the second matrix proton channel (M2) protein, which is present in AI 
H5N1 and H7N9 subtypes.178-179 Experimental studies using site-directed drug development 
have shown that M2-inactivation drugs can still be used against resistant strains and remain 
viable future treatment options.178-179 

Vaccination efficacy is typically limited to the same subtype and clade; however, it is a 
strategy that can be used alongside other methods to control and prevent the spread of 
AI.180 
• Vaccinations using plant-derived HPAI proteins has shown to be effective in protecting 

chickens from HPAI infections.181 
What do we need to know? 

• Are there effective measures for reducing viral load in infected poultry aside from vaccines? 
• Can currently resistant strains of influenza develop additional resistance to existing 

treatments for animals? 
Human Medical Countermeasures – Are there effective treatments? 

What do we know? 
For humans with confirmed or suspected IAV caused by relevant strains (e.g., H7N9, 
H5N1), antiviral drugs may be used for treatment and prophylaxis if given early in 
symptom progression or before symptoms begin. 
• Humans with confirmed or suspected novel influenza should be given neuraminidase 

inhibitor drugs (e.g., oseltamivir, peramivir, and zanamivir) for treatment.182  
• Oseltamivir is most effective when given within 48 hours of symptom onset and before 

respiratory failure,183 though some benefits occur if given within 6-8 days of symptoms.184 
• Household or close family members with highest risk of exposure to individuals having 

confirmed IAV caused by H7N9 or H5N1 viruses should be given oral oseltamivir or inhaled 
zanamivir as chemoprophylaxis within 48 hours of exposure to reduce likelihood of 
additional transmission, according to the CDC.185 

• Some HPAI strains H7N9, H5N6, and H5N1 are resistant to antiviral medications 
amantadine and rimantadine, which should not be used.186 

• Oseltamivir given to mice prior to experimental challenge with HPAI reduces mortality,187 
although the dose required depends on the virulence of the HPAI strain.188 

• The antiviral medication peramivir demonstrates protective efficacy against various AIVs in 
mice (e.g., H5N1, H9N2),189-190 and eliminates virus from the respiratory tract and prevents 
development of clinical signs of infection.191 Peramivir shows similar efficacy as oseltamivir 
in humans when used to treat seasonal influenza,192 but is untested in humans having novel 
AIs.  

• The anti-influenza drug, favipiravir, a chain terminator of viral RNA only approved for use in 
Japan, has demonstrated protective efficacy against H5N1 infection in mice193 and is in 
Phase III clinical trials to determine human efficacy.194  
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• Purified antibodies against H5N1 have been tested in animal and small human trials and 
appear safe, with some efficacy in in vitro studies.195-196  

• In a case study, a severely ill patient was treated with convalescent plasma that led to a 
reduction in viral load.197 Clinical trials are needed to better understand the effectiveness 
and assess general safety. 

What do we need to know? 
• Antiviral treatments are limited to the same four drugs (oseltamivir, zanamivir, peramivir, and 

baloxavir marboxil) for both humans and animals. What is the barrier against species-
specific treatments? 

• Can current therapeutic options be modified to counter resistance to amantadine-class 
drugs? 

Vaccines – Are there effective vaccines? 
What do we know? 

Globally, there are several existing vaccines against AI in poultry, though their use is not 
consistent across impacted countries.198 USDA maintains emergency poultry vaccination 
guidelines, procedures, and vaccine recommendations.104 
• The role of vaccines in the prevention and control of HPAI is a topic being actively 

explored,199 with the European Council releasing a press release in May 2022 regarding the 
decision by the agriculture ministers on a strategic vaccination approach.200 Vaccination has 
often been thought of as a last resort, but the 2021-2023 epidemic is causing countries to 
debate revising their vaccination strategies.131, 201 

• Vaccines have been used to help control outbreaks of HPAI in poultry flocks (e.g., H5N2 in 
Mexico, H7N3 in Pakistan, and H9N2 and H5N1 in Asia), with inactivated whole virus 
vaccine most commonly used, as well as vaccines made from recombinant viruses with 
specific AIV genes.198 

• Due to the 2023 spread of HPAI within the United States, in April 2023, the USDA began 
HPAI vaccine trials of four candidates to test their efficacy in poultry against gsGD lineage 
H5N1 clade 2.3.4.4b, the strain causing the current outbreak.202-203 

• Recombinant or reverse genetics have also been used to create vaccines, where AIV genes 
are inserted into other viral genomic backbones (e.g., Newcastle disease virus, fowl 
poxvirus).198 

• Various poultry species can be vaccinated,104 though vaccine efficacy and effective doses 
differ among species.204 For example, vaccines developed in ducks may inhibit HPAI H5N1 
infection,205 although different species of ducks show different responses to the same 
vaccine.206 

• China (91%), Egypt (4.65%), Indonesia (2.3%), and Vietnam (1.4%) have historically 
conducted the majority of AIV vaccinations,207 although current rates of vaccination are not 
known. Vaccination of poultry was initiated in September 2017 in China. Even though the 
globally circulating H5 viruses have been detected in many species of wild birds and 
occasionally in ducks or geese in recent years, issues have not been reported on routinely 
vaccinated poultry farms in China, and the pervasive H7N9 viruses have been nearly 
eliminated in China.208 

• Eradication of HPAI through vaccination campaigns, in coordination with other measures, 
has occurred in a few countries, and typically where either a high level of competence in 
veterinarian services exists, or where the geography and density of bird populations have 
helped lead to the success.209  
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• One complication in vaccination campaigns is vaccinated birds become difficult to 
differentiate from infected birds.209-210 An International Alliance for Biological Standardization 
international meeting was held in October 2022 to discuss challenges and barriers to AIV 
vaccine use, such as trade concerns and availability of suitable vaccines, and 
recommendations have been made to support greater use of vaccination to help control the 
spread of HPAI.211  

• After 19 critically endangered California condors were found dead due to HPAI infection, 
APHIS approved the emergency use of an HPAI vaccine. Since the inactivated vaccine, 
which had been conditionally licensed by APHIS Center for Veterinary Biologics in 2016, 
has not been tested against the current strain, it will be pilot tested in vultures first. 
Vaccination will be limited to the condors, which are wild birds and not poultry, so it will not 
impact trade.212-214 

There are multiple vaccines for use in humans for protection against IAV (H5N1), 
however they have typically been developed for the Strategic National Stockpile or for 
pandemic preparedness and are not produced in large quantities, nor are they available 
for general population use.215 
• There are some older approved or conditionally approved vaccines for use in humans by the 

FDA, such as Sanofi Pasteur’s inactivated “H5N1 Influenza Virus Vaccine” licensed by the 
FDA in 2007,216 and GlaxoSmithKline’s “Influenza A (H5N1) Virus Monovalent Vaccine, 
Adjuvanted” licensed in 2013.215  

• In January 2020, the FDA approved use of CSL Segirus’s cell-based monovalent IAV H5N1 
vaccine “Audenz,” in people six months and older, who may be at high risk of exposure.217 

• The European Union has also approved or temporarily approved several H5N1 vaccines,218 
including Novartis's “Foclivia” in 2009,219 GlaxoSmithKline’s “Adjupanrix” in 2009,220 and 
Novartis’s “Aflunov” in 2010.221  

• The CDC, in coordination with the WHO, developed a curated bank of Candidate Vaccine 
Viruses (CVVs) that are a library of influenza viruses, including both seasonal and HPAI 
influenza viruses, which can be used for expedited development of human vaccines if 
needed. The CVV library contains virus nearly identical to the H5N1 (clade 2.3.4.4b) 
currently circulating.222-225 

• The U.S. Biomedical Advanced Research and Development Authority (BARDA), is working 
with multiple vaccine manufacturers, including GSK and CSL Seqirus, to test the safety of 
H5 vaccine candidates more similar to the current outbreak strain.226 

There is no single AI vaccine for birds that is effective against all hemagglutinin 
(H1-16) and neuraminidase (N1-9) subtypes; existing vaccines are subtype- or even 
clade-specific.198 
• Vaccines used in birds are either “homologous,” (the HA and subtypes both match the virus 

to be protected against), or “heterologous” (where the NA subtype differs). For all inactivated 
AIVs, the HA vaccine strain subtype needs to match the wild virus strain HA subtype. 
Heterologous vaccines are most often used for HPAI, and permit differentiation of birds 
infected with vaccine or field strains.198  

• Birds vaccinated with an H5 virus were protected from subsequent challenge with an HPAI 
H5 strain, while those vaccinated with H7-subtype virus were not protected from subsequent 
H5 challenge, which demonstrates the need to match the HA subtype of the vaccine and the 
virus causing infections.32 

• Inactivated vaccines are broadly protective against historic virus strains, in contrast to 
seasonal human influenza where vaccines are changed annually.32 



CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  23 

• A new study shows an effective HPAI vaccine in ducks. All vaccines tested were efficient in 
reducing, at least to some extent, virus shedding following challenge with gsGD lineage 
HPAI H5N8 clade 2.3.4.4b virus. The study was based on experimental vaccines, but 
showed proof of concept that vaccine control of HPAI can be achieved in ducks.227  

• Significant antigenic differences between commercially available poultry vaccines and 
currently circulating HPAI viruses suggests that vaccines may be suboptimal in controlling 
current poultry outbreaks.100 

• Cross-group protective immunity was shown to be elicited in mice, ferrets, and NHPs by co-
immunization with HA immunogens. Protection included HPAI H5N1 and H7N9.228 

AI vaccines for birds do not prevent infection but reduce clinical signs and mortality. 
Vaccinated birds can still transmit infection to other birds, albeit at a lower rate than 
unvaccinated birds. 
• The absence of clinical signs and mortality can enable “silent spread” of AIVs in vaccinated 

flocks, which can occur even when vaccines are effective in individual birds.229 
• A single vaccination of chickens was insufficient to prevent antibody titer increase following 

challenge with HPAI H5N1, which suggests that animals were still becoming infected 
despite a reduction in clinical signs.230 

Vaccines exert selective pressures on AIVs,231 hastening evolution and vaccine 
resistance.232 
• Antigenic drift in Egypt has reduced the efficacy of an existing H5N2 vaccine against 

circulating HPAI H5N1 strains.233  
• Similarly, researchers have found novel HPAI H7N9 strains in China have the ability to 

partially escape neutralization by vaccines, with those vaccines introduced only six months 
prior,234 which is suggestive of rapid evolution due to vaccine-induced selective pressures. 
The control of H5N1 in China has resulted in seven different vaccines being introduced over 
a 10-year period.209  

• The World Organisation for Animal Health’s (WOAH’s) General Assembly debated the use 
of vaccination as a complementary tool and extensively discussed its associated 
implementation challenges.235 It was recognized that a successful vaccination strategy must 
rely on authorized vaccines that closely match the virus strains in circulation. Furthermore, it 
must be accompanied by robust disease surveillance, which is able to demonstrate freedom 
from infection in the domestic animal population as recommended by WOAH Terrestrial 
Animal Health Code.235 

• USDA’s Agricultural Research Service has begun AI vaccination trials in April 2023. The 
researchers expect to have two-dose vaccine challenge studies with results in June 2023.203 

What do we need to know? 
• For increased resistance to infection as the influenza strains change over time, and reduced 

time for production of new strain-specific vaccines, could a “universal” AI vaccine be 
developed?  

• How effective is prophylactic vaccination at reducing depopulation needs? (To understand 
the cost and risk benefit of vaccination versus mandatory culling if a farm’s flock becomes 
infected). 

Depopulation / Carcass Disposal – What are safe and effective ways to minimize the 
spread of HPAI in agricultural settings? 

What do we know? 
Within 24-48 hours of HPAI notification on farms, the USDA-defined standard practice is 
depopulation with water-based foam systems (e.g., National Veterinary Stockpile Kifco 
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Avi-Guard, or Spumifer handheld nozzles) for floor-raised birds or gassing (e.g., carbon 
dioxide, carbon monoxide, argon, or nitrogen) for caged birds. These processes are 
generally safe and effective, and gassing is identified as an accepted practice for 
euthanasia by the American Veterinary Medical Association (AVMA),236 though efficacy 
depends on poultry species.237-238 
• Efficacy of foam versus gassing for depopulation is species-dependent. While water-based 

foam (Spumifer with 1% Phos-Chek and water foam) resulted in more rapid brain death in 
turkeys,239-240 while 100% CO2 gas outperformed water-based foam in four physiological 
categories (time to unconsciousness, motion cessation, brain death, and altered terminal 
cardiac activity) in ducks.240-241  

• Gas concentration in depopulation is also species-dependent; 40% CO2 concentrations are 
effective euthanasia for chickens within 2-4 minutes, although >70% concentration is 
required for ducks and geese.236-237 

• Cervical dislocation is another method for euthanasia. This is a non-invasive method; 
however, it requires trained personnel and is inefficient for large flocks or birds, in addition to 
the long exposure time of the responsible personnel.151  

Alternative methods such as Ventilation Shut Down (VSD) are conditionally approved as 
adjunct methods by USDA, but must meet additional policy requirements before use.238 
• VSD is considered a controversial practice by some veterinarians.242 
• Continuing research shows improvement of VSD efficacy with addition of supplemental 

heat.243-245 
USDA disposal methods include composting, burial, incineration, rendering, and 
landfilling. 
• The disposal method to be used is selected by the disposal group composed of federal 

partners and incident command staff.246 Methodology is evaluated for each incident 
leveraging containment efficacy, environmental considerations, stakeholder acceptance, 
and cost burden.246  

• Research indicates increasing temperature from 35- 55°C during carcass composting 
reduces the time required to achieve greater than 99.999% reduction in viral activity from 
6.4 hours to 29 minutes.247 USDA suggests maintaining a temperature of 135-140°F for 
3-12 weeks to ensure full decomposition.246 

Early influenza virus detection and reporting and time to depopulation directly impacts 
the spread of HPAI and successful containment. On average, 12 days are needed for on-
site staff to recognize illness and initiate reporting.248-251 
• Expedited bird depopulation can greatly impact HPAI spread.237, 250 
• During a 2015 HPAI outbreak in Ghana, reporting and subsequent management averaged 

12.3 days. Reporting delays resulted in increased culling (94.2% culled across five regions 
and 35 farms).251  

• The U.S. 2014-2015 HPAI outbreak observed 70% and 12% of commercial egg-laying hens 
and young hens culled across 232 farms in 15 states, resulting in the loss of approximately 
51 million birds at a cost of $879 million.249 

• Farm-to-farm horizontal transmission was found to be a major factor in a South Korean 
review of HPAI outbreaks from 1998-2014, and control and reporting mechanisms had not 
been effectively implemented.252 

• Geographic containment zones are established immediately upon HPAI notification per 
USDA guidance control strategies.246 
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• During the Serbia outbreak (May 2022), strict measures were applied to prevent the spread 
of the disease through thorough cleaning, disinfection of facilities, and testing of poultry from 
contact holdings where no new cases of disease or death were recorded.253  

• Air filtration and quick depopulation improve efficacy of HPAI containment strategies.254 
• Depopulation or carcass disposal strategies have not been determined for migratory and 

wild birds, but USDA recommends separating and securing water, food, and other materials 
in locations difficult for wild birds to access.255 

What do we need to know? 
• What are the current barriers to on-site recognition of illness and initiation of reporting? 
• What is the risk of on-site handling procedures during culling and disposal for accidental 

contamination? 
• Would further evaluation of alternative depopulation methods provide256 time-savings, 

efficacy, or cost burden benefits?238 
• What efforts have been exerted to control disease spread from wild birds to domestic 

species? 
Viral Persistence and Environmental Stability – How long does the virus live in the 

environment? 
What do we know? 

Avian influenza virus persistence varies based on the environmental matrix and 
exposure to natural environmental factors (heat, ultraviolet [UV] exposure, salinity, and 
pH). 
• Avian influenza virus can persist in aerosols for 24-36 hours, which is longer than human 

influenza viruses (6-15 hours).257 258-259 
• The persistence of AIVs, which include HPAI, was 30 minutes at 56°C,260-261 and persistence 

time has been shown to decrease with higher temperatures. Ultraviolet light exposure for 30 
minutes and pH of less than two for 30 minutes have been shown to inactivate H7N9.260  

• Three Korean H5N1 HPAI viruses [(A/chicken/Korea/ES/03), (A/chicken/Korea/IS/06), and 
(A/chicken/Korea/Gimje/08)] were used to experimentally study virus survival rates at 4oC, 
20oC, and 30oC in PBS. The Gimje/08 strain survived the longest at all temperatures (3213 
at 4°C, 293 at 20°C, and 58 days at 30°C). The duration of virus persistence decreased with 
increasing temperature.258-259, 262-263 

Avian influenza viruses are extremely stable in water, showing infectivity after several 
months in cold weather natural wetlands. 
• Using a combination of field- and laboratory-based approaches, AIVs (five subtypes) were 

found to be infectious after at least seven months in Alaskan and Minnesotan wetlands 
(using filtered surface water samples),264 suggesting a key source of natural infection in 
waterfowl. 

• LPAIs are most stable in water with basic pH (7.4-8.2), cool temperatures (4-17°C), and low 
salinity.265  

• The half-life of several avian influenza strains in distilled water decreased from 7.7 ± 1.5 
days at 17oC to 3.8 ± 1.4 days at 28oC.266  

• Eurasian HPAI H5N1 showed persistence in water similar to several LPAI strains,267 though 
HPAI persistence depends on the specific strain.268 All avian influenza viruses appear more 
stable in cooler, less acidic water with low salinity.265, 267 

• Avian influenza viruses are likely more stable in lake sediment than in water.269 
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• The clade 1, genotype Z, HPAI H5N1 viruses (A/Cambodia/ 408008/2005) and 
(A/chicken/Cambodia/LC1AL/2007) were used to experimentally inoculate artificial simple 
and complex aquatic biotopes (water, mud, aquatic flora and fauna, mix) with parameters 
close to those in Cambodia. Infectious virus was only recovered from rainwater four days 
post-contamination at 25°C. Viral RNA persisted up to 20 days in rainwater, seven days in 
pond or lake water, and up to 14 days post-contamination in several mud samples. 
Infectious virus and viral RNA was detected in few cases in the aquatic fauna and flora, 
especially in bivalves and labyrinth fish.270 

• The infectivity of 12 IAVs that were isolated from naturally infected ducks were monitored for 
approximately one year, with each virus tested in distilled water held in the laboratory at 4°C 
and filtered surface water from four Alaska sites maintained in the field at ambient 
temperature. A single replicate from two viruses tested remained viable for 361-377 days 
post-sample collection when maintained in surface waters under ambient temperatures.271 

HPAI viruses are relatively stable in duck feathers and poultry feces, maintaining 
infectivity for up to 160 days in experimental trials. 
• Experimental inoculation of domestic ducks with two strains of gsGD lineage HPAI H5N1 

(Ck/Miya/K11/07 and Ws/Akita/1/08) showed infectivity persistence for ≤160 days in 
detached feathers (at 4oC), longer than persistence in water (≤30 days) or feces (≤6 
days).272 Virus persistence declined with increasing temperature from 4oC to 20oC.272  

• Duck feathers either containing or devoid of preen oil were experimentally inoculated with 
gsGD lineage HPAI H5N1 (A/crow/India/11TI16/2011) and stored at 37°C, 25°C, and 10°C. 
Samples were tested at regular intervals for percent infectivity and viral load – values were 
higher in naturally preened duck feathers versus the preen oil deficient controls at both low 
and high initial concentrations of virus (104 EID50 and 106 EID50). Maximum persistence was 
observed at 10°C in naturally preened duck feathers spiked with virus at 106 EID50.273 

• In duck feces, LPAI virus infectivity (H4N6 A/Mallard/Wv1732-34/03, H5N1 
A/Teal/Wv632/Germany/05, and H6N8 A/Mute Swan/Germany/R2927/07) declined by 90% 
after two, five, 17, or 62 days on average, and is dependent on temperature (30oC, 20oC, 
10oC, and 0oC, respectively).269  

• Wet or dry chicken feces were experimentally inoculated with 106 EID50 HPAI H5N1 
(A\Ck\Sikkim\151466\2008H5N1) and stored at 42, 37, 24, and 4°C. In both dry and wet 
feces, the virus survived up to 18 hours at 42°C, 24 hours at 37°C, five days at 24°C, and 
eight weeks at 4°C.274\ 

• Simulated sunlight significantly reduces the persistence of HPAI (H5N1) on surfaces and in 
feces.275 

IAVs can persist for 24-48 hours on non-porous surfaces such as stainless steel and 
plastic, and for <8-12 hours on cloth, paper, or tissues.276 
• AIV (Influenza A/Herring gull/Delaware 471/86 (H13N7)) was no longer infectious nine days 

after experimental inoculation on porous and non-porous surfaces, but infectivity persisted 
for ≥6 days on latex and feathers; ≥3 days on steel, tile, rubber gumboots, rubber tires, egg 
shells, and plastic; ≥2 days on wood; ≥1 day on cotton fabric; and ≤1 day on egg trays and 
polyester fabric.277 

• The persistence of H9N2 AIV (A/mallard/Jiangxi/39/2011) on the surfaces of plastics was 
studied under different environmental conditions (various temperatures, humidity, and 
salinity) using glass and stainless steel for comparison for 1-14 days. Infectivity was lost by 
approximately 90% in one day and completely lost in three days after the virus was placed 
on materials.278 
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• H5N1 subtype strains (H5N1-Ky and H5N1-Eg) were infectious on a plastic surface after 10 
hours but were inactive by 24 hours. The H5N1-Ky and H5N1-Eg strains were active on the 
human skin surface after 1.5 hours, but were inactive within three hours.279 

In poultry litter, HPAI persists longer than LPAI.280 
• In poultry litter, HPAI (A/Chicken/California/15-004912/2015 (H5N8)) persisted for up to 60 

hours at room temperature (21-27°C, litter dependent) and 30-85% relative humidity (litter 
dependent), while LPAI (A/Chicken/California/2000 (H6N2)) persisted for only 24 hours.280 

HPAI maintains infectivity in fresh and frozen poultry products, creating a potential 
importation hazard. 
• Outbreaks in domesticated poultry281 have been linked to imported contaminated carcasses, 

as imported HPAI can maintain infectivity in fresh282-283 and frozen poultry products.281-282 
•  H7N9 on raw chicken remained viable at -20°C for nine days, 4°C for seven days, and 25°C 

for four days; therefore, H7N9 on raw chicken could be a potential source of transmission 
domestically and internationally.284 

What do we need to know? 
• How long do HPAI strains maintain infectivity in frozen poultry carcasses? 

Decontamination – What are effective methods to kill the agent in the environment? 
What do we know? 

The U.S. Environmental Protection Agency maintains a list of registered chemical 
compounds for use in disinfection against avian influenza on farm settings, including 
bleach, alcohol, and quaternary ammonium-based compounds.285  
• The U.S. Environmental Protection Agency’s (EPA’s) List M for registered antimicrobial 

products with label claims against AI: List M: Registered Antimicrobial Products with Label 
Claims for Avian Influenza | U.S. EPA.286 

The Animal and Plant Health Inspection Service (APHIS) of the USDA maintains protocols 
for cleaning and disinfection of facilities affected by HPAI, and decontamination is a 
crucial component of HPAI response. HPAI-affected farms must undergo cleaning and 
removal of bulk debris, followed by disinfection by drying and heating (100-120oF for 
seven days) or wet disinfection with an approved product, and fumigation if needed.287  
• A Virkon®S and propylene glycol mixture can be used for outdoor disinfection of non-porous 

surfaces under freezing conditions (e.g., trucks, tractors, equipment, footwear).288 
• Sodium bisulfate is used to acidify poultry litter, and is largely effective at inactivating LPAI 

within 36 hours.280 Acidification (exposure to pH of 1 or pH of 3 for six hours) is known to 
inactivate low levels of HPAI (H5N1) when suspended in peptone water.261  

• Soap, detergent, and alkali (Surf Excel®, Life bouy®, and caustic soda) at 0.05% 
concentration at 28°C was not sufficient in destroying H5N1 virus, but increasing 
concentrations above 0.1% inactivated the virus after five minutes contact time at 28°C.261 

• Chemical disinfectants (formalin, iodine crystals, phenol crystals, CID 20, Virkon-S, Zeptin, 
KEPCIDE 300, and KEPCIDE 400) can inactivate H5N1 at the recommended 
concentrations at 28°C.261 

• Burning of contaminated poultry carcasses, litter, and feed in pyres or incinerators is another 
option for the decontamination and disposal of large amounts of contaminated waste 
resulting from HPAI outbreaks, if other methods are not feasible.104, 289  

For facilities that cannot be adequately cleaned and disinfected, a fallowing period 
(allowing to lie dormant and unoccupied) is required.287  
• The fallowing period is typically 120 days, but is dependent upon temperature and 

season.287 Research comparing two U.S. farms that had been exposed to HPAI H5N2 
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demonstrated that the farm that immediately depopulated after abnormal mortality was 
detected was able to begin repopulation 37 days sooner than the farm that began 
depopulation late after detection of abnormal mortality. The lost profit for the farm with late 
response was estimated to be 3.3 million U.S. dollars.290  

• Assessment of duck transportation vehicles and crates during H5N8 outbreaks revealed 
variable decontamination efficacy, dependent upon initial viral contamination load, cleaning 
and disinfection protocols, and protocol implementation.291 It is important to consider that the 
samples collected were analyzed through rRT-PCR for type A influenza; no information was 
provided for an infectivity assay.  

Various decontamination methods have been evaluated for poultry products to control 
the spread of AI. 
• Cooking eggs to a temperature of 71°C is stated to kill AIVs, while dried egg white requires 

exposure to 67°C for 15 days to inactivate HPAI and maintain properties of egg products.292 
• According to USDA, AIVs can be inactivated in egg products and poultry meat by heating 

processes (e.g., 60oC for 188 seconds for whole eggs, 65oC for 42 seconds for poultry 
meat).104 A 4-log decrease in the titer for HPAI H7N7 was observed in cell culture after an 
exposure of 63°C for 90 sec.293 

• The guidelines provided by USDA Food Safety and Inspection Service time and temperature 
for cooking chicken meat to achieve a 7-log reduction of Salmonella is also applicable to AIV 
strains. AIV strains including HPAI were effectively inactivated in chicken meat held at 70 or 
73.9°C for less than one second.294 

• Meat and egg white contaminated with AIV can be treated with E-Beam irradiation at 
10.4 kGy and 8.2 kGy to accomplish a 4-log reduction in viability of infectious virus.295  

• Ultraviolet light emitting diodes (UV-LEDs) have been shown to inactivate IAVs by inhibiting 
host cell replication and transcription of viral RNA.296  

• During 2014-2015 outbreak, APHIS found that dry cleaning and heat disinfection of barns 
was most cost- and time- effective.297  

• Due to the surface extension of poultry facilities, international and local guidelines suggest 
that cleaning with clean water and neutral detergents should be followed by antioxidant 
agents such as disinfectants. 151 It is important to maintain the appropriate times for each 
period. This method is a viable alternative for virus elimination in poultry facilities where dry 
disinfection is not available. 

• The EPA has reviewed required laboratory testing data to certify disinfectant products 
registered for use to kill AI.286 

What do we need to know? 
• What are additional cost-effective means of HPAI poultry virus decontamination?  
• What are the risks of reinfection given different means of decontamination? 

Personal Protective Equipment (PPE) – What PPE is effective and who should be using it? 
What do we know? 

There is effective PPE for those with potential exposures to HPAI, with the recommended 
type of PPE dependent on the type of exposure (e.g., poultry workers, laboratory staff, 
depopulation workers). 
• The greatest risk for AIV infection are those who have direct physical contact or close 

proximity (two meters) to infected birds, contact with contaminated surfaces, or at a live 
poultry market.298 In addition to frequent handwashing, PPE must be used when in direct 
contact with possibly infected birds as well as poultry carcasses, poultry feces or litter, or 
when entering any premises with diseased or dead poultry.298  
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Recommended PPE for poultry workers includes safety goggles, disposable gloves, 
boots, a respirator (NIOSH-certified at N95 or higher), apron, disposable head/ hair cover, 
and disposable fluid-resistant coveralls.298  
• Respirators should be used in a comprehensive respiratory protection program in 

accordance with the Occupational Safety and Health Administration (OSHA) Respiratory 
Protection standard (29 CFR 1910.134) and other requirements. Staff required to wear N95 
(or higher) respirators require medical clearance, training, and fit-testing for respirator 
use.298 

• Reusable PPE (e.g. rubber boots, rubber apron) should be cleaned until visible dirt is 
removed, and then disinfected with an EPA-approved disinfectant.298 

• Poultry workers involved in depopulation should wear full PPE consisting of lightweight, 
disposable, or heavy-duty rubber work gloves that can be disinfected; disposable outer 
garments, coveralls, or surgical gowns with long, cuffed sleeves and a sealed apron; 
disposable shoe covers or boots that can be cleaned and disinfected; safety goggles and 
disposable head/hair cover; and an N95 or higher respirator.299  

• To reduce risk of HPAI virus infection, landfill workers having contact with AIV-infected 
carcasses or potentially infected materials should use appropriate PPE when disposing of 
poultry carcasses during HPAI outbreaks,298 including disposable gloves, boots, protective 
disposable fluid-resistant coveralls, goggles, and a NIOSH-certified respirator (e.g., N95 or 
higher) when in direct contact with infected birds, poultry carcasses, and/or poultry feces or 
litter.298 

Recommended PPE for laboratory workers depends on the purpose of the work, the 
biosafety level of the laboratory, and the country of operation. 
• Laboratory research with HPAI requires development and implementation of a written 

biosafety plan proportionate to the risk of the select agent (9 CFR §121.12(a)).300-301 
• Biosafety Level-2 (BSL-2) Laboratories: Laboratories such as veterinary diagnostic 

laboratories conducting routine screening surveillance on samples collected from wild birds 
and domestic poultry. In the United States and regions known to be HPAI-free, these are 
considered low-risk materials, and this work can be conducted in a BSL-2 laboratory. 302 
Personnel are required to use disposable gloves, laboratory coat, and eye protection.301 

• Biosafety Level-3 (BSL-3) Laboratories: In addition to standard BSL-2 practices, the 
following additional PPE and laboratory practices are used: powered air-purifying 
respirators, protective suit (e.g., wrap-back disposable gown, protective suit, disposable 
Tyvek gown), and double disposable gloves. For research with mammalian-transmissible 
HPAI viruses, disposable sleeves are worn over the gown while working in a biosafety 
cabinet, as well as shoe coverings (e.g., double disposable shoe coverings; single 
disposable shoe coverings if worn with footwear dedicated to BSL-3 enhanced laboratory 
use, or impervious boots or shoes of rubber or other suitable material that can be 
decontaminated), and protective eyewear.300-301  

• Biosafety Level-4 (BSL-4) Laboratories: Additional measures beyond the facility 
requirements for BSL-3 are not needed. The BSL-3 criteria are sufficient for appropriate 
HPAI biocontainment.300  

• A cross-contamination event occurred in 2014 at the CDC between LPAI H9N2 (non-select 
agent) and HPAI H5N1 (select agent) viruses. Because proper biocontainment and PPE 
procedures were followed, the virus remained contained and no illness or injury occurred.303 
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What do we need to know? 
• If HPAI is identified in routine screening, is the BSL-2 PPE enough to prevent infection? 

Genomics – How does the disease agent compare to previous strains? 
What do we know? 

AI viruses are defined by the presence (HPAI) or absence (LPAI) of a polybasic cleavage 
site in the HA gene.  
• LPAI viruses contain HA proteins that can only be cleaved (required for cell entry) by a 

limited number of enzymes; however, HPAI viruses contain HA that can be cleaved by a 
broader set of enzymes.304 The transition from LPAI to HPAI can occur from mutations 
inserting basic amino acid residues (e.g., arginine, lysine, and histidine) at the HA cleavage 
site during routine circulation of the virus in natural hosts, and these transitions can be 
documented by identifying the LPAI ancestors of HPAI strains in phylogenetic studies.305  

• Between 1959 and 2019, there have been 42 observed transition events from LPAI to HPAI 
in H5 and H7 AIs.304 While most led to restricted outbreaks, several, including H5 HPAI, 
continue to cause outbreaks in poultry.304  

• Interspecies transmission of HPAI was enhanced through genetic reassortment of H5N8 
with a North American avian origin LPAI virus resulting in the generation of H5N2 HPAI virus 
responsible for the outbreaks in Canada and the United States in 2015.306 

• Insertion of a polybasic cleavage site found in a human H7N9 infection into an H7N9 LPAI 
caused high mortality rates in mice, demonstrating the importance of the HA cleavage site in 
AIV virulence.307 However, the high mortality of gsGD lineage HPAI H5N8 clade 2.3.4.4b 
virus in ducks is associated with a number of genome segments, not just HA,57 and amino 
acid substitutions in polymerase genes have also been linked to elevated mortality.56 

• gsGD lineage HPAI H5 clade 2.3.4.4b viruses were initially identified in Europe and were 
detected in North America in late 2021.126 These viruses are responsible for the current 
2022 HPAI outbreak in the United States.308  

As with all influenza viruses, evolution of HPAI viruses is rapid, which contributes to the 
diversity of these viruses. 
• The nomenclature for variants is complex and requires continuous revision, considering their 

rapid development. The H5N1 Evolution Working Group was established in 2007 to develop 
a unified nomenclature.309 An influenza clade or group is an additional classification beyond 
subtypes or lineages. For gsGD lineage HPAI H5, several viral clades have been identified 
(0 to 9) based on phylogenetic characterization, with respective hierarchical orders denoted 
using decimals. For example, subclades 2.2 and 2.3 are genetically similar and part of clade 
2, and 3rd and 4th order subclades have been identified (e.g., 2.3.2 and 2.3.2.1, respectively) 
denoting further genetic variation within the subclade 2.3.310 

• Most of the continuously evolving and circulating gsGD lineage HPAI H5 variants belong to 
clade 2, according to the WHO. As of 2014, clades 1.1.1, 1.1.2, 2.1.3.2a, 2.2.1, 2.2.1.1a, 
2.2.2.1, 2.3.2.1a, 2.3.2.1b, 2.3.2.1c, 2.3.4.2, and 7.2 were in circulation globally.310 In 2015, 
three new clades were designated: 2.1.3.2a, 2.2.1, and 2.3.4,311 the last of which has further 
diversified resulting in the 2.3.4.4b clade that is circulating in Europe,123 Asia,312 Africa,313 
and North America126 as of December 2022. The Republic of Korea has reported outbreaks 
of HPAI caused by subtypes of clades 2.5, 2.2, 2.3.2, 2.3.2.1, 2.3.4.4c, d, and e since 2003 
with more recent reports of clades 2.3.4.4d and 2.3.4.4b.314 HPAI H5N1 clade 2.3.2.1c was 
reported to have caused human infections in Cambodia and infected a chicken in 
Indonesia.315-317 Recently, a new reassortant HPAI H5N1 with the HA belonging to clade 
2.3.4.4b.2 was reported from China.318  
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Exchange of genetic material among co-circulating AI strains is a primary driver of 
evolutionary change. 
• H5 AIVs (H5N1, H5N2, H5N6, and H5N8) infecting wild birds in China acquired different NA 

types through reassortment with other strains (H3N2, H6N6, H3N8).319 These new H5 
subtypes showed high mortality in chickens, but variable mortality in mice and ducks.319 

• HPAI H5 clade 2.3.4.4b reassortant viruses were detected in wild birds in The Republic of 
Korea in 2022. The PB1, PA, NP, NS, or PB2 genes were from LPAI while the HA, NA, M 
genes were from HPAI strains. Mutations in the HA gene were detected that are associated 
with increased binding to human sialic acid receptors.320 Similarly, sequencing of strains 
from the Czech Republic showed a high propensity of HPAI H5 to reassort with LPAI 
strains.321  

• AI viruses circulating in wild birds have been described as loose “genome constellations” 
characterized by extensive reassortment, rather than more stable, isolated evolutionary 
lineages,322 which, in turn, may facilitate the emergence of new subtypes, suggesting that 
outbreaks of novel avian influenzas in wild birds may be related to the timing of 
reassortment events in natural populations.323  

HPAI strains include variants of H5 and H7;304 an outbreak of HPAI H5N1 has been 
detected in U.S. wild birds and commercial poultry since early 2022.324 While rare, a 
human case of H5N1 in the United States has been associated with this outbreak.325 Only 
four human infections of LPAI H7N9 have ever been identified in the United States.325 

• In February 2021, seven workers in a Russian poultry farm were confirmed to have acquired 
HPAI H5N8, though all had mild or asymptomatic illness.326 

• During the current global 2021-2022 HPAI H5N1 outbreak, there have been fewer than 10 
reported cases in humans in close contact with infected birds, but there was no evidence of 
sustained human-to-human transmission.118, 327 

• HPAI H7N9 emerged in China in May 2016 from a H7N9 low pathogenic avian (LPAI) strain 
due to four amino acids (Lys-Arg-Thr-Ala) inserted into the hemagglutinin cleavage site. 
Within 14 months, 28 human cases were detected with a 50% mortality rate and 60,000 
poultry had died of H7N9 infection with 300,000 chickens culled.328  

• The receptor binding preference could influence the probability of spillover events from 
avian species to humans. Avian-lineage influenza viruses differ from human-lineage 
influenza viruses in that they generally prefer to bind different sialic acids on cell surfaces, 
but adaptations and mutations have been documented in H5N1, H7N2, and H9N2 avian-
lineage isolates recovered from humans.329  

• Mutations to some gene segments (HA) have been associated with increased affinity for 
human-type receptors as opposed to avian-type receptors. Mutations in other gene 
segments (PB2, M1) have been shown to enhance replication in mammalian cells.68, 315, 321, 

330  
The global diversity of HPAI viruses is not fully characterized, but the gsGD lineage HPAI 
H5Nx lineage is known to frequently reassort and have a relatively high evolutionary rate 
compared to LPAI, resulting in high virus diversification.117 Emergence of new strains 
and variants of interest is difficult to predict but might exhibit regular periodicity. 
Selection pressures, for instance from vaccines, can drive evolutionary change. 
• A weak 2-8 year cyclic pattern in the occurrence of influenza subtypes in North American 

ducks has been observed with high prevalence one year, followed by reduced prevalence 
the subsequent years.331 

• Evidence suggests that control measures, primarily in China, aimed at reducing the global 
spread of gsGD lineage HPAI H5N1 may have facilitated the emergence of novel H5Nx 
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lineages,332 which could have been due either to antigenically-distinct H5Nx viruses avoiding 
immunity from widespread H5N1 vaccines, or stochastic genetic drift after severe H5N1 
population bottlenecks allowing for rapid fixation and emergence of H5Nx strains.332  

• Screening of novel influenza strains for reactivity against banked human serum can indicate 
if the general population has immunity to the strain; and if no immunity is detected, then the 
strain poses a greater threat to human health.333  

What do we need to know? 
• What biological factors influence spillover probability? 
• What factors lead to LPAI viruses becoming HPAI viruses? 
• What fraction of the global genetic diversity of HPAI poses a threat to human and animal 

health? 
• How can we predict which HPAI viruses pose a pandemic threat? 
• What conditions favor genomic reassortment between HPAI H5 viruses?334 

Virus Importation – What are the main routes of entry into the United States? Are there 
effective mitigation strategies to limit HPAI importation? 

What do we know? 
Importation occurs via close interactions between wild migratory birds and domestic 
poultry,335,336 though other sources may also play a role.  
• Northern Mexican poultry farms have experienced HPAI H7N3 outbreaks occurs since 2012, 

which may be a risk to U.S. poultry.337 
• HPAI H5N1 outbreaks with novel genetic mutations have recently occurred in farmed 

American mink, suggesting that both imported and domestic mink farming are potential 
sources of HPAI importation.70, 338 

• The 2016-2017 HPAI H5 outbreak was the largest in Europe by both the number of nations 
and farms, and the diversity of wild birds affected.339 Phylogenetic analysis revealed two 
main pathways into Europe.339  

• Korea appears vulnerable to HPAI outbreaks due to the East Asian-Australasian migratory 
flyway for waterfowl and the high density of duck farming in locations that overlap with 
migratory bird habitats.340 

• During the 2016-2017 HPAI H5N6 epidemic, South Korean researchers found a potential 
role of sedentary waterfowl as a bridge host in facilitating HPAI transmission between 
migratory waterfowl species and poultry farms.130 

• The outbreaks of HPAI on the gamebird industry in Great Britain were explored via risk 
assessment. Overall, HPAI transmission into gamebird rearing sites was considered low 
(through hatching egg and day-old chick movement), though there is a paucity of data 
especially concerning biosecurity measures taken at the gamebird farms.341 

• During 2005, HPAI H5N1 virus spread rapidly from Central Asia to Eastern Europe through 
infected ducks, geese, and swans.342  

• Imported HPAI H5N1 viruses from China significantly contribute to outbreaks in Vietnam.343 
• In 2014, clade 2.3.4.4 H5N8 HPAI viruses spread across Korea and to China, Japan, 

Russia, and Europe, and were eventually discovered in wild birds in Canada and the 
Northwestern United States.344 

• In West Africa (Burkina Faso), both domestic poultry and hooded vultures were found to 
harbor HPAI (H5N1). Vultures may be a vector or sentinel for H5N1.345 
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• gsGD lineage HPAI H5 clade 2.3.4.4b viruses are currently circulating in wild birds in the 
United States.52 Migration studies indicate that this virus has been imported into the United 
States across the Atlantic Ocean via Iceland, Greenland/Arctic and/or pelagic routes.346 

• Modeling suggests that wild bird migration and illegal poultry trade are primary forms of 
HPAI introduction, and that the legal poultry trade is not a major importation risk.156 

• There is an extremely low risk that HPAI could be transmitted to domestic poultry from corn 
or feed contaminated by feces of infected wild migratory birds.347 Nevertheless, securing 
poultry food bins and cleaning up wasted or spilled feed is recommended.348 

HPAI outbreaks are associated with wildfowl migratory seasons.349  
• Genomic characterization of AIVs is becoming increasingly important to the rapid 

identification of circulating HPAI viruses.350  
• In April 2020, two Whooper Swans (Cygnus cygnus) and one Swan Goose (Anser 

cygnoides) were found dead at three different locations in Western Mongolia. Analysis of 
H5N6 isolates indicated that the overlap of three flyways (East Asian-Australian, Central 
Asian, and East African-West Asian) over Mongolia and Siberia may have played a role in 
dissemination of H5N6 in Europe and East Asia in 2017-2018.351 

• Eurasian-origin HPAI H5N1 virus clade 2.3.4.4b was detected in wild waterfowl in Atlantic 
coastal states in the United States. Bird banding data showed widespread movement of 
waterfowl within the Atlantic Flyway and between neighboring flyways and northern breeding 
grounds.352 

After importation, spread can be rapid, and losses to poultry flocks and the economy can 
be severe. 
• The 2014-2015 HPAI H5 outbreak affected 21 Western and Upper Midwestern States and 

had a $3.3 billion impact on the economy.4 It had originated from wild waterfowl in the 
Pacific Flyway.4 Later cases were introduced into commercial turkey and laying chicken 
farms and spread between these commercial enterprises through human activities.4 

• Upon importation in one African nation (Nigeria, 2006), HPAI spread to seven other 
countries in three months.353  

• Commercial avian enterprises must be vigilant regarding potential interactions with infected 
wildfowl.349 130 

What do we need to know? 
• Illegal poultry trade is significant for importation and spread of HPAI. How can illegal poultry 

trade be addressed to reduce the risk of HPAI importation?343  
• Novel H5N8 and H5N1 reassortment (HPAI) viruses have been detected in Iran and has 

been identified as a hotspot for virus introduction, dissemination, and generation of new 
HPAI variants throughout the Middle East.354 How extensive is the global seeding from this 
hotspot? 
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Definitions of Commonly Used Acronyms and Names 
Acronym/Term Definition Description 

AI Avian Influenza Disease caused by an avian 
virus 

AIV Avian Influenza Virus Virus responsible for causing 
avian influenza 

APHIS Animal and Plant Health Inspection Service N/A 
AVMA American Veterinary Medical Association N/A 
BSL Biosafety Level N/A 
CDC Centers for Disease Control and Prevention N/A 

Clade Closely related viruses based on the similarity of their 
HA genes 

Influenza A virus subtypes are 
based on two proteins on the 
surface of the virus: 
hemagglutinin (HA) and 
neuraminidase (NA). Subtypes 
are further divided into clades, 
which are based on the genetic 
similarity of the HA gene. 

d.p.i. Days Post-Infection N/A 
DHS S&T U.S. Department of Homeland Security N/A 

EID50 Median egg infectious dose 

The dose at which 50% of the 
inoculated eggs become 
infected. Used as a standard 
measure of infectivity. 

EPA U.S. Environmental Protection Agency N/A 
FAO Food and Agriculture Organization N/A 
FDA U.S. Food and Drug Administration N/A 

gsGD lineage HPAI A/Goose/Guangdong/1/96 (GsGd) lineage of HPAI H5 
virus 

gsGD lineage HPAI circulates in 
waterfowl and other migratory 
wild birds as HPAI. This lineage 
is unique as other HPAI viruses 
typically emerge from LPAI after 
replication in a domestic poultry 
species. 

Hemagglutinin 
(H or HA)  

A glycoprotein found on the surface of cells and viral 
envelopes 

Hemagglutinin on the surface of 
influenza binds to sialic acid to 
facilitate importation of the 
virus. 

HID50 Median Human Infectious Dose 

The dose at which 50% of 
humans become infected. Used 
as a standard measure of 
infectivity. 

HPAI Highly Pathogenic Avian Influenza Disease caused by a highly 
pathogenic avian influenza virus 

IAV Influenza A Virus Virus responsible for causing 
influenza A 

ID50 Median Infectious Dose 

The dose necessary to infect 
50% of the target population 
(e.g., birds). Generally, 
assumes typical, healthy, adult 
individuals. 

ISO International Organization for Standardization N/A 
LPAI Low Pathogenicity Avian Influenza N/A 
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Acronym/Term Definition Description 
MQL Master Question List N/A 

Neuraminidase 
(N or NA)  An enzyme that cleaves neuraminic acids 

Newly replicated viral particles 
use neuraminidase to cleave 
sialic on the surface of the host 
cell, which allows the viral 
particle to be released from the 
host cell. 

NHP Non-Human Primate N/A 
NIH National Institutes of Health N/A 

NIOSH National Institute for Occupational Safety and Health N/A 

PFU Plaque Forming Unit 

A measure of virus infectivity 
per unit volume. Infectious virus 
particles form a plaque in 
cultured cells.  

PPE Personal Protective Equipment N/A 

R0 
Calculated value for communicable diseases that 
represents the number of additional animals that one 
infected animal can further infect 

N/A 

Reassortant Strain having genetic material from two or more related 
strains 

Reassortment occurs when 
individual hosts are infected 
with multiple related virus 
strains simultaneously and 
those strains exchange genetic 
material; this genetic mixing 
leads to reassortants, which are 
the strains that result from such 
exchange. 

Renv Average number of secondary infections from a 
contaminated environment N/A 

RT-PCR Real-Time Polymerase Chain Reaction N/A 

TCID50 Median Tissue Culture Infectious Dose 

The dose necessary to infect 
50% of tissue cells. Used as a 
standard measure of infectivity 
(e.g., it required 103 TCID50 to 
produce clinical signs in 
exposed chickens). 

USDA U.S. Department of Agriculture N/A 
UV Ultraviolet N/A 

UV-LED Ultraviolet Light Emitting Diode N/A 
VSD Ventilation Shut Down N/A 
WHO World Health Organization N/A 

WOAH World Organisation for Animal Health N/A 



CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  36 

References 

1. Li, Y. T.; Linster, M.; Mendenhall, I. H., et al., Avian influenza viruses in humans: lessons from 
past outbreaks. Br Med Bull 2019, 132 (1), 81-95. 
https://www.ncbi.nlm.nih.gov/pubmed/31848585 
2. WOAH, Avian Influenza (Including Infection with High Pathogenicity Avian Influenza Viruses). 
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/3.03.04_AI.pdf (accessed 
Dec 2022). 
3. Press, A., Bird flu spread in U.S. puts poultry farms on high alert. 
https://www.nbcnews.com/news/us-news/bird-flu-spread-us-puts-poultry-farms-high-alert-
rcna16334 (accessed 06/06/2022). 
4. Swayne, D. E.; Hill, R. E.; Clifford, J., Safe application of regionalization for trade in poultry 
and poultry products during highly pathogenic avian influenza outbreaks in the USA. Avian 
Pathol 2017, 46 (2), 125-130. https://www.ncbi.nlm.nih.gov/pubmed/27817200 
5. Aldous, E. W.; Seekings, J. M.; McNally, A., et al., Infection dynamics of highly pathogenic 
avian influenza and virulent avian paramyxovirus type 1 viruses in chickens, turkeys and ducks. 
Avian Pathol 2010, 39 (4), 265-73. https://www.ncbi.nlm.nih.gov/pubmed/20706882 
6. Spekreijse, D.; Bouma, A.; Stegeman, J. A., et al., The effect of inoculation dose of a highly 
pathogenic avian influenza virus strain H5N1 on the infectiousness of chickens. Vet Microbiol 
2011, 147 (1-2), 59-66. https://www.ncbi.nlm.nih.gov/pubmed/20619974 
7. Miao, X.; Feng, M.; Zhu, O., et al., H5N8 Subtype avian influenza virus isolated from 
migratory birds emerging in Eastern China possessed a high pathogenicity in mammals. 
Transbound Emerg Dis 2022, 69 (6), 3325-3338. 
https://www.ncbi.nlm.nih.gov/pubmed/35989421 
8. Soda, K.; Tomioka, Y.; Usui, T., et al., Pathogenicity of H5 highly pathogenic avian influenza 
virus in rooks (Corvus frugilegus). Avian Pathol 2020, 49 (3), 261-267. 
https://www.ncbi.nlm.nih.gov/pubmed/32013539 
9. Soda, K.; Tomioka, Y.; Hidaka, C., et al., Susceptibility of common family Anatidae bird 
species to clade 2.3.4.4e H5N6 high pathogenicity avian influenza virus: an experimental 
infection study. BMC Vet Res 2022, 18 (1), 127. 
https://www.ncbi.nlm.nih.gov/pubmed/35366864 
10. James, J.; Billington, E.; Warren, C. J., et al., Clade 2.3.4.4b H5N1 high pathogenicity avian 
influenza virus (HPAIV) from the 2021/22 epizootic is highly duck adapted and poorly adapted to 
chickens. J Gen Virol 2023, 104 (5). https://www.ncbi.nlm.nih.gov/pubmed/37167079 
11. Spackman, E.; Pantin-Jackwood, M. J.; Lee, S. A., et al., The pathogenesis of a 2022 North 
American highly pathogenic clade 2.3.4.4b H5N1 avian influenza virus in mallards (Anas 
platyrhynchos). Avian Pathol 2023, 52 (3), 219-228. 
https://www.ncbi.nlm.nih.gov/pubmed/36999798 
12. Pantin-Jackwood, M. J.; Stephens, C. B.; Bertran, K., et al., The pathogenesis of H7N8 low 
and highly pathogenic avian influenza viruses from the United States 2016 outbreak in chickens, 
turkeys and mallards. PLoS One 2017, 12 (5), e0177265. 
https://www.ncbi.nlm.nih.gov/pubmed/28481948 
13. Vasudevan, G.; Vanamayya, P. R.; Nagarajan, S., et al., Infectious dose-dependent 
accumulation of live highly pathogenic avian influenza H5N1 virus in chicken skeletal muscle-
implications for public health. Zoonoses Public Health 2018, 65 (1), e243-e247. 
https://www.ncbi.nlm.nih.gov/pubmed/28941132 
14. DeJesus, E.; Costa-Hurtado, M.; Smith, D., et al., Changes in adaptation of H5N2 highly 
pathogenic avian influenza H5 clade 2.3.4.4 viruses in chickens and mallards. Virology 2016, 
499, 52-64. https://www.ncbi.nlm.nih.gov/pubmed/27632565 

https://www.ncbi.nlm.nih.gov/pubmed/31848585
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/3.03.04_AI.pdf
https://www.nbcnews.com/news/us-news/bird-flu-spread-us-puts-poultry-farms-high-alert-rcna16334
https://www.nbcnews.com/news/us-news/bird-flu-spread-us-puts-poultry-farms-high-alert-rcna16334
https://www.ncbi.nlm.nih.gov/pubmed/27817200
https://www.ncbi.nlm.nih.gov/pubmed/20706882
https://www.ncbi.nlm.nih.gov/pubmed/20619974
https://www.ncbi.nlm.nih.gov/pubmed/35989421
https://www.ncbi.nlm.nih.gov/pubmed/32013539
https://www.ncbi.nlm.nih.gov/pubmed/35366864
https://www.ncbi.nlm.nih.gov/pubmed/37167079
https://www.ncbi.nlm.nih.gov/pubmed/36999798
https://www.ncbi.nlm.nih.gov/pubmed/28481948
https://www.ncbi.nlm.nih.gov/pubmed/28941132
https://www.ncbi.nlm.nih.gov/pubmed/27632565


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  37 

15. Spackman, E.; Pantin-Jackwood, M. J.; Kapczynski, D. R., et al., H5N2 Highly Pathogenic 
Avian Influenza Viruses from the US 2014-2015 outbreak have an unusually long pre-clinical 
period in turkeys. BMC Vet Res 2016, 12 (1), 260. 
https://www.ncbi.nlm.nih.gov/pubmed/27876034 
16. Lipatov, A. S.; Kwon, Y. K.; Pantin-Jackwood, M. J., et al., Pathogenesis of H5N1 influenza 
virus infections in mice and ferret models differs according to respiratory tract or digestive 
system exposure. J Infect Dis 2009, 199 (5), 717-25. 
https://www.ncbi.nlm.nih.gov/pubmed/19210164 
17. Watanabe, T.; Iwatsuki-Horimoto, K.; Kiso, M., et al., Experimental infection of Cynomolgus 
Macaques with highly pathogenic H5N1 influenza virus through the aerosol route. Scientific 
Reports 2018, 8 (1), 1-8.  
18. Gabbard, J. D.; Dlugolenski, D.; Van Riel, D., et al., Novel H7N9 influenza virus shows low 
infectious dose, high growth rate, and efficient contact transmission in the guinea pig model. J 
Virol 2014, 88 (3), 1502-12. https://www.ncbi.nlm.nih.gov/pubmed/24227867 
19. Nagy, A.; Cernikova, L.; Stara, M., et al., Genotype Uniformity, Wild Bird-to-Poultry 
Transmissions, and Farm-to-Farm Carryover during the Spread of the Highly Pathogenic Avian 
Influenza H5N8 in the Czech Republic in 2021. Viruses 2022, 14 (7). 
https://www.ncbi.nlm.nih.gov/pubmed/35891391 
20. Bertran, K.; Lee, D. H.; Criado, M. F., et al., Pathobiology of Tennessee 2017 H7N9 low and 
high pathogenicity avian influenza viruses in commercial broiler breeders and specific pathogen 
free layer chickens. Vet Res 2018, 49 (1), 82. https://www.ncbi.nlm.nih.gov/pubmed/30157963 
21. Pantin-Jackwood, M. J.; Swayne, D. E., Pathogenesis and pathobiology of avian influenza 
virus infection in birds. Rev Sci Tech 2009, 28 (1), 113-36. 
https://www.ncbi.nlm.nih.gov/pubmed/19618622 
22. Beerens, N.; Germeraad, E. A.; Venema, S., et al., Comparative pathogenicity and 
environmental transmission of recent highly pathogenic avian influenza H5 viruses. Emerg 
Microbes Infect 2021, 10 (1), 97-108. https://www.ncbi.nlm.nih.gov/pubmed/33350337 
23. Kim, W. H.; Cho, S., Estimation of the Basic Reproduction Numbers of the Subtypes H5N1, 
H5N8, and H5N6 During the Highly Pathogenic Avian Influenza Epidemic Spread Between 
Farms. Front Vet Sci 2021, 8, 597630. https://www.ncbi.nlm.nih.gov/pubmed/34250054 
24. Spekreijse, D.; Bouma, A.; Koch, G., et al., Airborne transmission of a highly pathogenic 
avian influenza virus strain H5N1 between groups of chickens quantified in an experimental 
setting. Vet Microbiol 2011, 152 (1-2), 88-95. https://www.ncbi.nlm.nih.gov/pubmed/21565455 
25. James, J.; Warren, C. J.; De Silva, D., et al., The Role of Airborne Particles in the 
Epidemiology of Clade 2.3.4.4b H5N1 High Pathogenicity Avian Influenza Virus in Commercial 
Poultry Production Units. Viruses 2023, 15 (4). https://www.ncbi.nlm.nih.gov/pubmed/37112981 
26. Garske, T.; Clarke, P.; Ghani, A. C., The transmissibility of highly pathogenic avian influenza 
in commercial poultry in industrialised countries. PLoS One 2007, 2 (4), e349. 
https://www.ncbi.nlm.nih.gov/pubmed/17406673 
27. Dorigatti, I.; Mulatti, P.; Rosà, R., et al., Modelling the spatial spread of H7N1 avian 
influenza virus among poultry farms in Italy. Epidemics 2010, 2 (1), 29-35.  
28. Wibawa, H.; Karo-Karo, D.; Pribadi, E. S., et al., Exploring contacts facilitating transmission 
of influenza A (H5N1) virus between poultry farms in West Java, Indonesia: A major role for 
backyard farms? Preventive veterinary medicine 2018, 156, 8-15.  
29. Thomas, M.; Bouma, A.; Ekker, H., et al., Risk factors for the introduction of high 
pathogenicity Avian Influenza virus into poultry farms during the epidemic in the Netherlands in 
2003. Preventive veterinary medicine 2005, 69 (1-2), 1-11.  
30. Guinat, C.; Valenzuela Agui, C.; Vaughan, T. G., et al., Disentangling the role of poultry 
farms and wild birds in the spread of highly pathogenic avian influenza virus in Europe. Virus 
Evol 2022, 8 (2), veac073. https://www.ncbi.nlm.nih.gov/pubmed/36533150 

https://www.ncbi.nlm.nih.gov/pubmed/27876034
https://www.ncbi.nlm.nih.gov/pubmed/19210164
https://www.ncbi.nlm.nih.gov/pubmed/24227867
https://www.ncbi.nlm.nih.gov/pubmed/35891391
https://www.ncbi.nlm.nih.gov/pubmed/30157963
https://www.ncbi.nlm.nih.gov/pubmed/19618622
https://www.ncbi.nlm.nih.gov/pubmed/33350337
https://www.ncbi.nlm.nih.gov/pubmed/34250054
https://www.ncbi.nlm.nih.gov/pubmed/21565455
https://www.ncbi.nlm.nih.gov/pubmed/37112981
https://www.ncbi.nlm.nih.gov/pubmed/17406673
https://www.ncbi.nlm.nih.gov/pubmed/36533150


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  38 

31. Guinat, C.; Tang, H.; Yang, Q., et al., Bayesian phylodynamics reveals the transmission 
dynamics of avian influenza A(H7N9) virus at the human-live bird market interface in China. 
Proc Natl Acad Sci U S A 2023, 120 (17), e2215610120. 
https://www.ncbi.nlm.nih.gov/pubmed/37068240 
32. Swayne, D. E.; Suarez, D. L., Highly pathogenic avian influenza. Rev Sci Tech 2000, 19 (2), 
463-82. https://www.ncbi.nlm.nih.gov/pubmed/10935274 
33. Blagodatski, A.; Trutneva, K.; Glazova, O., et al., Avian Influenza in Wild Birds and Poultry: 
Dissemination Pathways, Monitoring Methods, and Virus Ecology. Pathogens 2021, 10 (5), 630. 
https://www.ncbi.nlm.nih.gov/pubmed/34065291 
34. Henaux, V.; Samuel, M. D., Avian influenza shedding patterns in waterfowl: implications for 
surveillance, environmental transmission, and disease spread. J Wildl Dis 2011, 47 (3), 566-78. 
https://www.ncbi.nlm.nih.gov/pubmed/21719821 
35. Venkatesh, D.; Brouwer, A.; Goujgoulova, G., et al., Regional Transmission and 
Reassortment of 2.3.4.4b Highly Pathogenic Avian Influenza (HPAI) Viruses in Bulgarian Poultry 
2017/18. Viruses 2020, 12 (6), 605. https://www.ncbi.nlm.nih.gov/pubmed/32492965 
36. Brown, J. D.; Stallknecht, D. E.; Berghaus, R. D., et al., Infectious and lethal doses of H5N1 
highly pathogenic avian influenza virus for house sparrows (Passer domesticus) and rock 
pigeons (Columbia livia). J Vet Diagn Invest 2009, 21 (4), 437-45. 
https://www.ncbi.nlm.nih.gov/pubmed/19564491 
37. Arafa, A. S.; Yamada, S.; Imai, M., et al., Risk assessment of recent Egyptian H5N1 
influenza viruses. Sci Rep 2016, 6, 38388. https://www.ncbi.nlm.nih.gov/pubmed/27922116 
38. Zhang, C.; Guo, K.; Cui, H., et al., Risk of Environmental Exposure to H7N9 Influenza Virus 
via Airborne and Surface Routes in a Live Poultry Market in Hebei, China. Front Cell Infect 
Microbiol 2021, 11, 688007. https://www.ncbi.nlm.nih.gov/pubmed/34164347 
39. Uyeki, T. M., Human infection with highly pathogenic avian influenza A (H5N1) virus: review 
of clinical issues. Clin Infect Dis 2009, 49 (2), 279-90. 
https://www.ncbi.nlm.nih.gov/pubmed/19522652 
40. Li, L. H.; Yu, Z.; Chen, W. S., et al., Evidence for H5 avian influenza infection in Zhejiang 
province, China, 2010-2012: a cross-sectional study. J Thorac Dis 2013, 5 (6), 790-6. 
https://www.ncbi.nlm.nih.gov/pubmed/24409357 
41. Clark, A. A.; Eid, S.; Hassan, M. K., et al., Reducing zoonotic avian influenza transmission at 
household poultry slaughter using a behaviour change tool for limited literacy audiences. 
Zoonoses Public Health 2022, 69 (8), 956-965. https://www.ncbi.nlm.nih.gov/pubmed/36065634 
42. WHO, Influenza at the human-animal interface: Summary and risk assessment, from 6 
October to 11 November 2022. https://cdn.who.int/media/docs/default-source/influenza/human-
animal-interface-risk-assessments/influenza-at-the-human-animal-interface-summary-and-
assessment--from-6-october-to-11-november-2022.pdf (accessed 13 December 2022). 
43. World Health Organization, Influenza at the human-animal interface: Summary and risk 
assessment, from 4 March to 24 April 2023. https://www.who.int/publications/m/item/influenza-
at-the-human-animal-interface-summary-and-assessment-24-april-2023 (accessed June 6 
2023). 
44. Chmielewski, R.; Swayne, D. E., Avian influenza: public health and food safety concerns. 
Annu Rev Food Sci Technol 2011, 2 (1), 37-57. https://www.ncbi.nlm.nih.gov/pubmed/22129374 
45. Klopfleisch, R.; Wolf, P. U.; Wolf, C., et al., Encephalitis in a stone marten (Martes foina) 
after natural infection with highly pathogenic avian influenza virus subtype H5N1. J Comp Pathol 
2007, 137 (2-3), 155-9. https://www.ncbi.nlm.nih.gov/pubmed/17689552 
46. Arriola, C. S.; Nelson, D. I.; Deliberto, T. J., et al., Infection Risk for Persons Exposed to 
Highly Pathogenic Avian Influenza A H5 Virus-Infected Birds, United States, December 2014-
March 2015. Emerg Infect Dis 2015, 21 (12), 2135-40. 
https://www.ncbi.nlm.nih.gov/pubmed/26583382 

https://www.ncbi.nlm.nih.gov/pubmed/37068240
https://www.ncbi.nlm.nih.gov/pubmed/10935274
https://www.ncbi.nlm.nih.gov/pubmed/34065291
https://www.ncbi.nlm.nih.gov/pubmed/21719821
https://www.ncbi.nlm.nih.gov/pubmed/32492965
https://www.ncbi.nlm.nih.gov/pubmed/19564491
https://www.ncbi.nlm.nih.gov/pubmed/27922116
https://www.ncbi.nlm.nih.gov/pubmed/34164347
https://www.ncbi.nlm.nih.gov/pubmed/19522652
https://www.ncbi.nlm.nih.gov/pubmed/24409357
https://www.ncbi.nlm.nih.gov/pubmed/36065634
https://cdn.who.int/media/docs/default-source/influenza/human-animal-interface-risk-assessments/influenza-at-the-human-animal-interface-summary-and-assessment--from-6-october-to-11-november-2022.pdf
https://cdn.who.int/media/docs/default-source/influenza/human-animal-interface-risk-assessments/influenza-at-the-human-animal-interface-summary-and-assessment--from-6-october-to-11-november-2022.pdf
https://cdn.who.int/media/docs/default-source/influenza/human-animal-interface-risk-assessments/influenza-at-the-human-animal-interface-summary-and-assessment--from-6-october-to-11-november-2022.pdf
https://www.who.int/publications/m/item/influenza-at-the-human-animal-interface-summary-and-assessment-24-april-2023
https://www.who.int/publications/m/item/influenza-at-the-human-animal-interface-summary-and-assessment-24-april-2023
https://www.ncbi.nlm.nih.gov/pubmed/22129374
https://www.ncbi.nlm.nih.gov/pubmed/17689552
https://www.ncbi.nlm.nih.gov/pubmed/26583382


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  39 

47. Thornton, A. C.; Parry-Ford, F.; Tessier, E., et al., Human Exposures to H5N6 Avian 
Influenza, England, 2018. J Infect Dis 2019, 220 (1), 20-22. 
https://www.ncbi.nlm.nih.gov/pubmed/30788504 
48. Yamaji, R.; Saad, M. D.; Davis, C. T., et al., Pandemic potential of highly pathogenic avian 
influenza clade 2.3.4.4 A(H5) viruses. Rev Med Virol 2020, 30 (3), e2099. 
https://www.ncbi.nlm.nih.gov/pubmed/32135031 
49. Lopez-Martinez, I.; Balish, A.; Barrera-Badillo, G., et al., Highly pathogenic avian influenza 
A(H7N3) virus in poultry workers, Mexico, 2012. Emerg Infect Dis 2013, 19 (9), 1531-4. 
https://www.ncbi.nlm.nih.gov/pubmed/23965808 
50. USDA APHIS, F., Interagency Risk Assessment for the Public Health Impact of Highly 
Pathogenic Avian Influenza Virus in Poultry, Shell Eggs, and Egg Products. 
https://www.fsis.usda.gov/news-events/publications/interagency-risk-assessment-public-health-
impact-highly-pathogenic-avian (accessed December 2022). 
51. Spickler, A. R., Highly Pathogenic Avian Influenza Technical Disease Card; 2016; pp 1-38. 
https://www.oie.int/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/H
PAI.pdf 
52. USDA, 2022 Detections of Highly Pathogenic Avian Influenza in Wild Birds. 
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-
information/avian/avian-influenza/hpai-2022/2022-hpai-wild-birds (accessed 5/20/2022). 
53. Kaplan, B. S.; Webby, R. J., The avian and mammalian host range of highly pathogenic 
avian H5N1 influenza. Virus Res 2013, 178 (1), 3-11. 
https://www.ncbi.nlm.nih.gov/pubmed/24025480 
54. Harvey, J. A.; Mullinax, J. M.; Runge, M. C., et al., The changing dynamics of highly 
pathogenic avian influenza H5N1: Next steps for management & science in North America. 
Biological Conservation 2023, 282, 110041. https://doi.org/10.1016/j.biocon.2023.110041 
55. Gobbo, F.; Fornasiero, D.; De Marco, M. A., et al., Active Surveillance for Highly Pathogenic 
Avian Influenza Viruses in Wintering Waterbirds in Northeast Italy, 2020-2021. Microorganisms 
2021, 9 (11). https://www.ncbi.nlm.nih.gov/pubmed/34835314 
56. Ge, Z.; Xu, L.; Hu, X., et al., Phylogenetic and phenotypic characterization of two novel 
clade 2.3.2.1 H5N2 subtype avian influenza viruses from chickens in China. Infect Genet Evol 
2022, 98, 105205. https://www.ncbi.nlm.nih.gov/pubmed/34999002 
57. Leyson, C. M.; Youk, S.; Ferreira, H. L., et al., Multiple Gene Segments Are Associated with 
Enhanced Virulence of Clade 2.3.4.4 H5N8 Highly Pathogenic Avian Influenza Virus in Mallards. 
J Virol 2021, 95 (18), e0095521. https://www.ncbi.nlm.nih.gov/pubmed/34232725 
58. FAO, Chapter 3: H5N1 HPAI in Different Species. In Understanding Avian Influenza, 
Agriculture Department Animal Production and Health Division: 2021. 
http://www.fao.org/avianflu/documents/key_ai/key_book_ch3.htm 
59. Xu, X.; Subbarao, K.; Cox, N. J., et al., Genetic characterization of the pathogenic influenza 
A/Goose/Guangdong/1/96 (H5N1) virus: similarity of its hemagglutinin gene to those of H5N1 
viruses from the 1997 outbreaks in Hong Kong. Virology 1999, 261 (1), 15-19.  
60. Centers for Disease Control and Prevention, Highly Pathogenic Avian Influenza A(H5N1) in 
Birds and Other Animals. https://www.cdc.gov/flu/avianflu/h5n1-animals.htm (accessed 28 
March 2021). 
61. USDA, 2022 Detections of Highly Pathogenic Avian Influenza in Mammals. 
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-
information/avian/avian-influenza/hpai-2022/2022-hpai-mammals (accessed December 2022). 
62. Songserm, T.; Amonsin, A.; Jam-on, R., et al., Fatal avian influenza A H5N1 in a dog. 
Emerg Infect Dis 2006, 12 (11), 1744-7. https://www.ncbi.nlm.nih.gov/pubmed/17283627 
63. Hiono, T.; Kobayashi, D.; Kobayashi, A., et al., Virological, pathological, and glycovirological 
investigations of an Ezo red fox and a tanuki naturally infected with H5N1 high pathogenicity 

https://www.ncbi.nlm.nih.gov/pubmed/30788504
https://www.ncbi.nlm.nih.gov/pubmed/32135031
https://www.ncbi.nlm.nih.gov/pubmed/23965808
https://www.fsis.usda.gov/news-events/publications/interagency-risk-assessment-public-health-impact-highly-pathogenic-avian
https://www.fsis.usda.gov/news-events/publications/interagency-risk-assessment-public-health-impact-highly-pathogenic-avian
https://www.oie.int/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/HPAI.pdf
https://www.oie.int/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/HPAI.pdf
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-information/avian/avian-influenza/hpai-2022/2022-hpai-wild-birds
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-information/avian/avian-influenza/hpai-2022/2022-hpai-wild-birds
https://www.ncbi.nlm.nih.gov/pubmed/24025480
https://doi.org/10.1016/j.biocon.2023.110041
https://www.ncbi.nlm.nih.gov/pubmed/34835314
https://www.ncbi.nlm.nih.gov/pubmed/34999002
https://www.ncbi.nlm.nih.gov/pubmed/34232725
http://www.fao.org/avianflu/documents/key_ai/key_book_ch3.htm
https://www.cdc.gov/flu/avianflu/h5n1-animals.htm
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-information/avian/avian-influenza/hpai-2022/2022-hpai-mammals
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-information/avian/avian-influenza/hpai-2022/2022-hpai-mammals
https://www.ncbi.nlm.nih.gov/pubmed/17283627


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  40 

avian influenza viruses in Hokkaido, Japan. Virology 2023, 578, 35-44. 
https://www.ncbi.nlm.nih.gov/pubmed/36462496 
64. Tammiranta, N.; Isomursu, M.; Fusaro, A., et al., Highly pathogenic avian influenza A 
(H5N1) virus infections in wild carnivores connected to mass mortalities of pheasants in Finland. 
Infect Genet Evol 2023, 111, 105423. https://www.ncbi.nlm.nih.gov/pubmed/36889484 
65. Beth Bunting, K. H., Krysten Schuler, Highly Pathogenic Avian Influenza. 
https://cwhl.vet.cornell.edu/article/highly-pathogenic-avian-influenza (accessed Dec 7 2022). 
66. Montana Fish Wildlife and Parks, Three Grizzly Bears Test Positive for Highly Pathogenic 
Avian Influenza. https://fwp.mt.gov/homepage/news/2023/jan/0117---three-grizzly-bears-test-
positive-for-highly-pathogenic-avian-influenza (accessed June 6 2023). 
67. Bordes, L.; Vreman, S.; Heutink, R., et al., Highly Pathogenic Avian Influenza H5N1 Virus 
Infections in Wild Red Foxes (Vulpes vulpes) Show Neurotropism and Adaptive Virus Mutations. 
Microbiol Spectr 2023, 11 (1), e0286722. https://www.ncbi.nlm.nih.gov/pubmed/36688676 
68. Vreman, S.; Kik, M.; Germeraad, E., et al., Zoonotic Mutation of Highly Pathogenic Avian 
Influenza H5N1 Virus Identified in the Brain of Multiple Wild Carnivore Species. Pathogens 
2023, 12 (2). https://www.ncbi.nlm.nih.gov/pubmed/36839440 
69. Thorsson, E.; Zohari, S.; Roos, A., et al., Highly Pathogenic Avian Influenza A(H5N1) Virus 
in a Harbor Porpoise, Sweden. Emerg Infect Dis 2023, 29 (4), 852-855. 
https://www.ncbi.nlm.nih.gov/pubmed/36918379 
70. Aguero, M.; Monne, I.; Sanchez, A., et al., Highly pathogenic avian influenza A(H5N1) virus 
infection in farmed minks, Spain, October 2022. Euro Surveill 2023, 28 (3). 
https://www.ncbi.nlm.nih.gov/pubmed/36695488 
71. World Health Organization, Assessment of risk associated with recent influenza A(H5N1) 
clade 2.3.4.4b viruses. https://cdn.who.int/media/docs/default-source/influenza/avian-and-other-
zoonotic-influenza/h5-risk-assessment-dec-2022.pdf (accessed June 6 2023). 
72. WHO, Influenza at the human-animal interface summary and assessment, 11 November 
2022. https://www.who.int/publications/m/item/influenza-at-the-human-animal-interface-
summary-and-assessment-11-nov-2022 (accessed 11 September 2023). 
73. Aznar, E.; Casas, I.; Gonzalez Praetorius, A., et al., Influenza A(H5N1) detection in two 
asymptomatic poultry farm workers in Spain, September to October 2022: suspected 
environmental contamination. Euro Surveill 2023, 28 (8). 
https://www.ncbi.nlm.nih.gov/pubmed/36820643 
74. WHO, Influenza A (H5) - United Kingdom of Great Britain and Northern Ireland. 
https://www.who.int/emergencies/disease-outbreak-news/item/influenza-a-(h5)---united-
kingdom-of-great-britain-and-northern-ireland (accessed 11 September 2023). 
75. World Health Organization, Human Infection caused by Avian Influenza A (H5N1) - Chile. 
https://www.who.int/emergencies/disease-outbreak-news/item/2023-DON461 (accessed June 6 
2023). 
76. World Health Organization, Human infection caused by avian influenza A(H5) - Ecuador. 
https://www.who.int/emergencies/disease-outbreak-news/item/2023-DON434 (accessed June 6 
2023). 
77. Bruno, A.; Alfaro-Nunez, A.; de Mora, D., et al., First case of human infection with highly 
pathogenic H5 avian Influenza A virus in South America: A new zoonotic pandemic threat for 
2023? J Travel Med 2023, 30 (5). https://www.ncbi.nlm.nih.gov/pubmed/36881656 
78. AVMA, Avian influenza in pets and backyard flocks. https://www.avma.org/resources-
tools/animal-health-and-welfare/animal-health/avian-influenza/avian-influenza-companion-
animals (accessed June 6 2023). 
79. CDC, Bird Flu in Pets and Other Animals. https://www.cdc.gov/flu/avianflu/avian-in-other-
animals.htm (accessed June 6 2023). 
80. Kuiken, T.; Fouchier, R.; Rimmelzwaan, G., et al., Feline friend or potential foe? Nature 
2006, 440 (7085), 741-2. https://www.ncbi.nlm.nih.gov/pubmed/16598234 

https://www.ncbi.nlm.nih.gov/pubmed/36462496
https://www.ncbi.nlm.nih.gov/pubmed/36889484
https://cwhl.vet.cornell.edu/article/highly-pathogenic-avian-influenza
https://fwp.mt.gov/homepage/news/2023/jan/0117---three-grizzly-bears-test-positive-for-highly-pathogenic-avian-influenza
https://fwp.mt.gov/homepage/news/2023/jan/0117---three-grizzly-bears-test-positive-for-highly-pathogenic-avian-influenza
https://www.ncbi.nlm.nih.gov/pubmed/36688676
https://www.ncbi.nlm.nih.gov/pubmed/36839440
https://www.ncbi.nlm.nih.gov/pubmed/36918379
https://www.ncbi.nlm.nih.gov/pubmed/36695488
https://cdn.who.int/media/docs/default-source/influenza/avian-and-other-zoonotic-influenza/h5-risk-assessment-dec-2022.pdf
https://cdn.who.int/media/docs/default-source/influenza/avian-and-other-zoonotic-influenza/h5-risk-assessment-dec-2022.pdf
https://www.who.int/publications/m/item/influenza-at-the-human-animal-interface-summary-and-assessment-11-nov-2022
https://www.who.int/publications/m/item/influenza-at-the-human-animal-interface-summary-and-assessment-11-nov-2022
https://www.ncbi.nlm.nih.gov/pubmed/36820643
https://www.who.int/emergencies/disease-outbreak-news/item/influenza-a-(h5)---united-kingdom-of-great-britain-and-northern-ireland
https://www.who.int/emergencies/disease-outbreak-news/item/influenza-a-(h5)---united-kingdom-of-great-britain-and-northern-ireland
https://www.who.int/emergencies/disease-outbreak-news/item/2023-DON461
https://www.who.int/emergencies/disease-outbreak-news/item/2023-DON434
https://www.ncbi.nlm.nih.gov/pubmed/36881656
https://www.avma.org/resources-tools/animal-health-and-welfare/animal-health/avian-influenza/avian-influenza-companion-animals
https://www.avma.org/resources-tools/animal-health-and-welfare/animal-health/avian-influenza/avian-influenza-companion-animals
https://www.avma.org/resources-tools/animal-health-and-welfare/animal-health/avian-influenza/avian-influenza-companion-animals
https://www.cdc.gov/flu/avianflu/avian-in-other-animals.htm
https://www.cdc.gov/flu/avianflu/avian-in-other-animals.htm
https://www.ncbi.nlm.nih.gov/pubmed/16598234


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  41 

81. Marimwe, M. C.; Fosgate, G. T.; Roberts, L. C., et al., The spatiotemporal epidemiology of 
high pathogenicity avian influenza outbreaks in key ostrich producing areas of South Africa. 
Prev Vet Med 2021, 196, 105474. https://www.ncbi.nlm.nih.gov/pubmed/34564052 
82. Herve, S.; Schmitz, A.; Briand, F. X., et al., Serological Evidence of Backyard Pig Exposure 
to Highly Pathogenic Avian Influenza H5N8 Virus during 2016-2017 Epizootic in France. 
Pathogens 2021, 10 (5). https://www.ncbi.nlm.nih.gov/pubmed/34070190 
83. Verhagen, J. H.; Fouchier, R. A. M.; Lewis, N., Highly Pathogenic Avian Influenza Viruses at 
the Wild-Domestic Bird Interface in Europe: Future Directions for Research and Surveillance. 
Viruses 2021, 13 (2). https://www.ncbi.nlm.nih.gov/pubmed/33573231 
84. Tarek, M.; Naguib, M. M.; Arafa, A. S., et al., Epidemiology, Genetic Characterization, and 
Pathogenesis of Avian Influenza H5N8 Viruses Circulating in Northern and Southern Parts of 
Egypt, 2017-2019. Animals (Basel) 2021, 11 (8), 2208. 
https://www.ncbi.nlm.nih.gov/pubmed/34438666 
85. Li, X.; Lv, X.; Li, Y., et al., Highly Pathogenic Avian Influenza A(H5N8) Virus in Swans, 
China, 2020. Emerg Infect Dis 2021, 27 (6), 1732-1734. 
https://www.ncbi.nlm.nih.gov/pubmed/33834988 
86. Zhao, K.; Gu, M.; Zhong, L., et al., Characterization of three H5N5 and one H5N8 highly 
pathogenic avian influenza viruses in China. Vet Microbiol 2013, 163 (3-4), 351-7. 
https://www.ncbi.nlm.nih.gov/pubmed/23375651 
87. Molini, U.; Aikukutu, G.; Roux, J. P., et al., Avian Influenza H5N8 Outbreak in African 
Penguins (Spheniscus demersus), Namibia, 2019. J Wildl Dis 2020, 56 (1), 214-218. 
https://www.ncbi.nlm.nih.gov/pubmed/31483707 
88. Turner, J. C. M.; Barman, S.; Feeroz, M. M., et al., Highly Pathogenic Avian Influenza 
A(H5N6) Virus Clade 2.3.4.4h in Wild Birds and Live Poultry Markets, Bangladesh. Emerg Infect 
Dis 2021, 27 (9), 2492-2494. https://www.ncbi.nlm.nih.gov/pubmed/34424167 
89. Shin, D. L.; Siebert, U.; Lakemeyer, J., et al., Highly Pathogenic Avian Influenza A(H5N8) 
Virus in Gray Seals, Baltic Sea. Emerg Infect Dis 2019, 25 (12), 2295-2298. 
https://www.ncbi.nlm.nih.gov/pubmed/31742519 
90. He, D.; Gu, M.; Wang, X., et al., Reintroduction of highly pathogenic avian influenza A H7N9 
virus in southwestern China. Virus Genes 2023, 59 (3), 479-483. 
https://www.ncbi.nlm.nih.gov/pubmed/36781818 
91. Puryear, W.; Sawatzki, K.; Hill, N., et al., Highly Pathogenic Avian Influenza A(H5N1) Virus 
Outbreak in New England Seals, United States. Emerg Infect Dis 2023, 29 (4), 786-791. 
https://www.ncbi.nlm.nih.gov/pubmed/36958010 
92. Thanawongnuwech, R.; Amonsin, A.; Tantilertcharoen, R., et al., Probable tiger-to-tiger 
transmission of avian influenza H5N1. Emerg Infect Dis 2005, 11 (5), 699-701. 
https://www.ncbi.nlm.nih.gov/pubmed/15890122 
93. Yang, Y.; Halloran, M. E.; Sugimoto, J. D., et al., Detecting human-to-human transmission of 
avian influenza A (H5N1). Emerg Infect Dis 2007, 13 (9), 1348-53. 
https://www.ncbi.nlm.nih.gov/pubmed/18252106 
94. Kniss, K.; Sumner, K. M.; Tastad, K. J., et al., Risk for Infection in Humans after Exposure to 
Birds Infected with Highly Pathogenic Avian Influenza A(H5N1) Virus, United States, 2022. 
Emerg Infect Dis 2023, 29 (6), 1215-1219. https://www.ncbi.nlm.nih.gov/pubmed/37095080 
95. World Health Organization, Influenza (Avian and other zoonotic). https://www.who.int/news-
room/fact-sheets/detail/influenza-(avian-and-other-zoonotic) (accessed 28 March 2021). 
96. Lee, C. T.; Slavinski, S.; Schiff, C., et al., Outbreak of Influenza A(H7N2) Among Cats in an 
Animal Shelter With Cat-to-Human Transmission-New York City, 2016. Clin Infect Dis 2017, 65 
(11), 1927-1929. https://www.ncbi.nlm.nih.gov/pubmed/29020187 
97. Sobolev, I.; Sharshov, K.; Dubovitskiy, N., et al., Highly Pathogenic Avian Influenza A(H5N8) 
Virus Clade 2.3.4.4b, Western Siberia, Russia, 2020. Emerg Infect Dis 2021, 27 (8), 2224-2227. 
https://www.ncbi.nlm.nih.gov/pubmed/34287138 

https://www.ncbi.nlm.nih.gov/pubmed/34564052
https://www.ncbi.nlm.nih.gov/pubmed/34070190
https://www.ncbi.nlm.nih.gov/pubmed/33573231
https://www.ncbi.nlm.nih.gov/pubmed/34438666
https://www.ncbi.nlm.nih.gov/pubmed/33834988
https://www.ncbi.nlm.nih.gov/pubmed/23375651
https://www.ncbi.nlm.nih.gov/pubmed/31483707
https://www.ncbi.nlm.nih.gov/pubmed/34424167
https://www.ncbi.nlm.nih.gov/pubmed/31742519
https://www.ncbi.nlm.nih.gov/pubmed/36781818
https://www.ncbi.nlm.nih.gov/pubmed/36958010
https://www.ncbi.nlm.nih.gov/pubmed/15890122
https://www.ncbi.nlm.nih.gov/pubmed/18252106
https://www.ncbi.nlm.nih.gov/pubmed/37095080
https://www.who.int/news-room/fact-sheets/detail/influenza-(avian-and-other-zoonotic
https://www.who.int/news-room/fact-sheets/detail/influenza-(avian-and-other-zoonotic
https://www.ncbi.nlm.nih.gov/pubmed/29020187
https://www.ncbi.nlm.nih.gov/pubmed/34287138


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  42 

98. Jeong, S.; Lee, D. H.; Kwon, J. H., et al., Highly Pathogenic Avian Influenza Clade 2.3.4.4b 
Subtype H5N8 Virus Isolated from Mandarin Duck in South Korea, 2020. Viruses 2020, 12 (12). 
https://www.ncbi.nlm.nih.gov/pubmed/33291548 
99. Isoda, N.; Twabela, A. T.; Bazarragchaa, E., et al., Re-Invasion of H5N8 High Pathogenicity 
Avian Influenza Virus Clade 2.3.4.4b in Hokkaido, Japan, 2020. Viruses 2020, 12 (12). 
https://www.ncbi.nlm.nih.gov/pubmed/33327524 
100. Lewis, N. S.; Banyard, A. C.; Whittard, E., et al., Emergence and spread of novel H5N8, 
H5N5 and H5N1 clade 2.3.4.4 highly pathogenic avian influenza in 2020. Emerg Microbes Infect 
2021, 10 (1), 148-151. https://www.ncbi.nlm.nih.gov/pubmed/33400615 
101. Zhang, Q.; Mei, X.; Zhang, C., et al., Novel reassortant 2.3.4.4B H5N6 highly pathogenic 
avian influenza viruses circulating among wild, domestic birds in Xinjiang, Northwest China. J 
Vet Sci 2021, 22. https://doi.org/10.4142/jvs.2021.22.e43 
102. Sun, H.; Pu, J.; Wei, Y., et al., Highly Pathogenic Avian Influenza H5N6 Viruses Exhibit 
Enhanced Affinity for Human Type Sialic Acid Receptor and In-Contact Transmission in Model 
Ferrets. J Virol 2016, 90 (14), 6235-6243. https://www.ncbi.nlm.nih.gov/pubmed/27122581 
103. Sengkeopraseuth, B.; Co, K. C.; Leuangvilay, P., et al., First human infection of avian 
influenza A(H5N6) virus reported in Lao People's Democratic Republic, February-March 2021. 
Influenza Other Respir Viruses 2022, 16 (2), 181-185. 
https://www.ncbi.nlm.nih.gov/pubmed/34761535 
104. USDA, Highly Pathogenic Avian Influenza (HPAI) Response Plan: The Red Book; United 
States Department of Agriculture: 2017. 
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/hpai_response
_plan.pdf 
105. WOAH, Infection with High Pathogenicity Avian Influenza Viruses. 
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahc/current/chapitre_avian_influe
nza_viruses.pdf (accessed December 2022). 
106. Henaux, V.; Samuel, M. D.; Bunck, C. M., Model-based evaluation of highly and low 
pathogenic avian influenza dynamics in wild birds. PLoS One 2010, 5 (6), e10997. 
https://www.ncbi.nlm.nih.gov/pubmed/20585637 
107. Spickler, A. R.; Trampel, D. W.; Roth, J. A., The onset of virus shedding and clinical signs 
in chickens infected with high-pathogenicity and low-pathogenicity avian influenza viruses. 
Avian Pathol 2008, 37 (6), 555-77. https://www.ncbi.nlm.nih.gov/pubmed/19023755 
108. Denzin, N.; Bolling, M.; Pohlmann, A., et al., Investigation into a Superspreading Event of 
the German 2020-2021 Avian Influenza Epidemic. Pathogens 2022, 11 (3). 
https://www.ncbi.nlm.nih.gov/pubmed/35335633 
109. Swayne, D. E., Avian Influenza - Poultry - Merck Veterinary Manual. 
https://www.merckvetmanual.com/poultry/avian-influenza/avian-influenza (accessed 13 
December, 2022). 
110. Scientific Panel on Biological Hazards, Scientific report of the Scientific Panel on Biological 
Hazards on "Food as a possible source of infection with highly pathogenic avian influenza 
viruses for humans and other mammals". EFSA Journal 2006, 74, 1-29. 
https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2006.74r 
111. Cowling, B. J.; Jin, L.; Lau, E. H., et al., Comparative epidemiology of human infections 
with avian influenza A H7N9 and H5N1 viruses in China: a population-based study of 
laboratory-confirmed cases. Lancet 2013, 382 (9887), 129-37. 
https://www.ncbi.nlm.nih.gov/pubmed/23803488 
112. Oner, A. F.; Bay, A.; Arslan, S., et al., Avian influenza A (H5N1) infection in eastern Turkey 
in 2006. N Engl J Med 2006, 355 (21), 2179-85. 
https://www.ncbi.nlm.nih.gov/pubmed/17124015 
113. Apisarnthanarak, A.; Kitphati, R.; Thongphubeth, K., et al., Atypical avian influenza (H5N1). 
Emerg Infect Dis 2004, 10 (7), 1321-4. https://www.ncbi.nlm.nih.gov/pubmed/15324560 

https://www.ncbi.nlm.nih.gov/pubmed/33291548
https://www.ncbi.nlm.nih.gov/pubmed/33327524
https://www.ncbi.nlm.nih.gov/pubmed/33400615
https://doi.org/10.4142/jvs.2021.22.e43
https://www.ncbi.nlm.nih.gov/pubmed/27122581
https://www.ncbi.nlm.nih.gov/pubmed/34761535
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/hpai_response_plan.pdf
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/hpai_response_plan.pdf
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahc/current/chapitre_avian_influenza_viruses.pdf
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahc/current/chapitre_avian_influenza_viruses.pdf
https://www.ncbi.nlm.nih.gov/pubmed/20585637
https://www.ncbi.nlm.nih.gov/pubmed/19023755
https://www.ncbi.nlm.nih.gov/pubmed/35335633
https://www.merckvetmanual.com/poultry/avian-influenza/avian-influenza
https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2006.74r
https://www.ncbi.nlm.nih.gov/pubmed/23803488
https://www.ncbi.nlm.nih.gov/pubmed/17124015
https://www.ncbi.nlm.nih.gov/pubmed/15324560


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  43 

114. Peiris, J. S.; de Jong, M. D.; Guan, Y., Avian influenza virus (H5N1): a threat to human 
health. Clin Microbiol Rev 2007, 20 (2), 243-67. https://www.ncbi.nlm.nih.gov/pubmed/17428885 
115. CDC, Past Examples of Possible Limited, Non-Sustained Person-to-Person Spread of Bird 
Flu. https://www.cdc.gov/flu/avianflu/h5n1-human-infections.htm (accessed 13 December, 
2022). 
116. Huai, Y.; Xiang, N.; Zhou, L., et al., Incubation period for human cases of avian influenza A 
(H5N1) infection, China. Emerg Infect Dis 2008, 14 (11), 1819-21. 
https://www.ncbi.nlm.nih.gov/pubmed/18976586 
117. Hurt, A. C.; Fouchier, R. A. M.; Vijaykrishna, D., Ecology and Evolution of Avian Influenza 
Viruses. In Genetics and Evolution of Infectious Diseases, 2nd ed.; Tibayrenc, M., Ed. Elsevier: 
2017; pp 621-640.  
118. CDC, Reported Human Infections with Avian Influenza A Viruses. 
https://www.cdc.gov/flu/avianflu/reported-human-infections.htm (accessed Dec 2022). 
119. Makalo, M. R. J.; Dundon, W. G.; Settypalli, T. B. K., et al., Highly pathogenic avian 
influenza (A/H5N1) virus outbreaks in Lesotho, May 2021. Emerg Microbes Infect 2022, 11 (1), 
757-760. https://www.ncbi.nlm.nih.gov/pubmed/35171076 
120. Brookes, S. M.; Mansfield, K. L.; Reid, S. M., et al., Incursion of H5N8 high pathogenicity 
avian influenza virus (HPAIV) into gamebirds in England. Epidemiology & Infection 2022, 150.  
121. CDC, HPAI A H5 Virus Background and Clinical Illness. 
https://www.cdc.gov/flu/avianflu/hpai/hpai-background-clinical-illness.htm (accessed Jan 2022). 
122. APHIS, U., Avian Influenza. 
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/nvap/NVAP-Reference-
Guide/Poultry/Avian-Influenza (accessed 13 December, 2022). 
123. Grant, M.; Brojer, C.; Zohari, S., et al., Highly Pathogenic Avian Influenza (HPAI H5Nx, 
Clade 2.3.4.4.b) in Poultry and Wild Birds in Sweden: Synopsis of the 2020-2021 Season. Vet 
Sci 2022, 9 (7). https://www.ncbi.nlm.nih.gov/pubmed/35878361 
124. Bae, Y. J.; Lee, S. B.; Min, K. C., et al., Pathological Evaluation of Natural Cases of a 
Highly Pathogenic Avian Influenza Virus, Subtype H5N8, in Broiler Breeders and Commercial 
Layers in South Korea. Avian Dis 2015, 59 (1), 175-82. 
https://www.ncbi.nlm.nih.gov/pubmed/26292555 
125. Nakatani, H.; Nakamura, K.; Yamamoto, Y., et al., Epidemiology, pathology, and 
immunohistochemistry of layer hens naturally affected with H5N1 highly pathogenic avian 
influenza in Japan. Avian Dis 2005, 49 (3), 436-41. 
https://www.ncbi.nlm.nih.gov/pubmed/16252503 
126. Prosser, D. J.; Schley, H. L.; Simmons, N., et al., A lesser scaup (Aythya affinis) naturally 
infected with Eurasian 2.3.4.4 highly pathogenic H5N1 avian influenza virus: Movement ecology 
and host factors. Transbound Emerg Dis 2022, 69 (5), e2653-e2660. 
https://www.ncbi.nlm.nih.gov/pubmed/35678746 
127. Gobbo, F.; Zanardello, C.; Bottinelli, M., et al., Silent Infection of Highly Pathogenic Avian 
Influenza Virus (H5N1) Clade 2.3.4.4b in a Commercial Chicken Broiler Flock in Italy. Viruses 
2022, 14 (8). https://www.ncbi.nlm.nih.gov/pubmed/35893671 
128. Lee, K.; Yu, D.; Martinez-Lopez, B., et al., Fine-scale tracking of wild waterfowl and their 
impact on highly pathogenic avian influenza outbreaks in the Republic of Korea, 2014-2015. Sci 
Rep 2020, 10 (1), 18631. https://www.ncbi.nlm.nih.gov/pubmed/33122803 
129. European Food Safety, A.; European Centre for Disease, P.; Control, et al., Avian 
influenza overview June - September 2022. EFSA J 2022, 20 (10), e07597. 
https://www.ncbi.nlm.nih.gov/pubmed/36247870 
130. Yoo, D. S.; Kang, S. I.; Lee, Y. N., et al., Bridging the Local Persistence and Long-Range 
Dispersal of Highly Pathogenic Avian Influenza Virus (HPAIv): A Case Study of HPAIv-Infected 
Sedentary and Migratory Wildfowls Inhabiting Infected Premises. Viruses 2022, 14 (1). 
https://www.ncbi.nlm.nih.gov/pubmed/35062320 

https://www.ncbi.nlm.nih.gov/pubmed/17428885
https://www.cdc.gov/flu/avianflu/h5n1-human-infections.htm
https://www.ncbi.nlm.nih.gov/pubmed/18976586
https://www.cdc.gov/flu/avianflu/reported-human-infections.htm
https://www.ncbi.nlm.nih.gov/pubmed/35171076
https://www.cdc.gov/flu/avianflu/hpai/hpai-background-clinical-illness.htm
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/nvap/NVAP-Reference-Guide/Poultry/Avian-Influenza
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/nvap/NVAP-Reference-Guide/Poultry/Avian-Influenza
https://www.ncbi.nlm.nih.gov/pubmed/35878361
https://www.ncbi.nlm.nih.gov/pubmed/26292555
https://www.ncbi.nlm.nih.gov/pubmed/16252503
https://www.ncbi.nlm.nih.gov/pubmed/35678746
https://www.ncbi.nlm.nih.gov/pubmed/35893671
https://www.ncbi.nlm.nih.gov/pubmed/33122803
https://www.ncbi.nlm.nih.gov/pubmed/36247870
https://www.ncbi.nlm.nih.gov/pubmed/35062320


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  44 

131. Hunter, P., Europe's worst ever bird flu outbreak: Thus year's epidemic of highly 
pathogenic avian flu has had a devastating impact on wild and domestic birds and severe 
economic consequences: Thus year's epidemic of highly pathogenic avian flu has had a 
devastating impact on wild and domestic birds and severe economic consequences. EMBO Rep 
2022, 23 (10), e56048. https://www.ncbi.nlm.nih.gov/pubmed/36102819 
132. Belser, J. A.; Tumpey, T. M., H5N1 pathogenesis studies in mammalian models. Virus Res 
2013, 178 (1), 168-85. https://www.ncbi.nlm.nih.gov/pubmed/23458998 
133. Health, L. A. C. D. o. P., Animal Health Update: Highly Pathogenic Avian Influenza (HPAI) 
H5N1 Detected in Wild and Domestic Mammals Worldwide. 
http://publichealth.lacounty.gov/vet/docs/AHAN/AHAN_HPAIH5N1WildDomesticMammalsWorld
wide_04112023.pdf (accessed June 6 2023). 
134. CDC, Bird Flu Virus Infections in Humans. https://www.cdc.gov/flu/avianflu/avian-in-
humans.htm (accessed 13 December, 2022). 
135. Sellwood, C.; Asgari-Jirhandeh, N.; Salimee, S., Bird flu: if or when? Planning for the next 
pandemic. Postgrad Med J 2007, 83 (981), 445-50. 
https://www.ncbi.nlm.nih.gov/pubmed/17621612 
136. Olsen, S. J.; Rooney, J. A.; Blanton, L., et al., Estimating Risk to Responders Exposed to 
Avian Influenza A H5 and H7 Viruses in Poultry, United States, 2014-2017. Emerg Infect Dis 
2019, 25 (5), 1011-1014. https://www.ncbi.nlm.nih.gov/pubmed/30741630 
137. Schnirring, L., Russia reports first human H5N8 avian flu cases. Center for Infectious 
Disease Research and Policy 2021. https://www.cidrap.umn.edu/news-
perspective/2021/02/russia-reports-first-human-h5n8-avian-flu-cases 
138. Lonas, L., China reports man hospitalized with bird flu. The Hill 2021. 
https://thehill.com/policy/international/china/563207-china-reports-man-hospitalized-with-bird-flu 
139. Organization, W. H., Influenza at the Human-Animal Interface; Summary and Assessment, 
from 10 December 2020 to 29 January 2021; World Health Organization: 
https://www.who.int/publications/m/item/influenza-at-the-human-animal-interface-summary-and-
assessment-29jan2021, 2021.  
140. World Health Organization, Cumulative number of confirmed human cases for avian 
influenza A(H5N1) reported to WHO, 2003-2023, 26 January 2023. 
https://www.who.int/publications/m/item/cumulative-number-of-confirmed-human-cases-for-
avian-influenza-a(h5n1)-reported-to-who-2003-2022-26-jan-2023 (accessed Mar 21 2023). 
141. Organization, W. H., Avian Influenza A (H5N1) - United States of America. 
https://www.who.int/emergencies/disease-outbreak-news/item/2022-E000111 (accessed 
06/03/2022). 
142. Mallapaty, S., Girl who died of bird flu did not have widely circulating variant. Nature 2023. 
https://www.ncbi.nlm.nih.gov/pubmed/36849822 
143. The Associated Press, Bird flu cases in father and daughter in Cambodia came from 
poultry, not person-to-person spread, officials say. https://www.nbcnews.com/health/health-
news/bird-flu-father-daughter-cambodia-not-spread-person-to-person-rcna73076 (accessed 
June 6 2023). 
144. WHO, Avian influenza and people. https://www.who.int/europe/news-room/questions-and-
answers/item/avian-influenza-and-people (accessed June 6 2023). 
145. World Health Organization, Cumulative number of confirmed human cases for avian 
influenza A(H5N1) reported to WHO, 2003-2023. 
https://www.who.int/publications/m/item/cumulative-number-of-confirmed-human-cases-for-
avian-influenza-a(h5n1)-reported-to-who-2003-2023-24-april-2023 (accessed June 6 2023). 
146. Smietanka, K.; Swieton, E.; Kozak, E., et al., Highly Pathogenic Avian Influenza H5N8 in 
Poland in 2019-2020. J Vet Res 2020, 64 (4), 469-476. 
https://www.ncbi.nlm.nih.gov/pubmed/33367134 

https://www.ncbi.nlm.nih.gov/pubmed/36102819
https://www.ncbi.nlm.nih.gov/pubmed/23458998
http://publichealth.lacounty.gov/vet/docs/AHAN/AHAN_HPAIH5N1WildDomesticMammalsWorldwide_04112023.pdf
http://publichealth.lacounty.gov/vet/docs/AHAN/AHAN_HPAIH5N1WildDomesticMammalsWorldwide_04112023.pdf
https://www.cdc.gov/flu/avianflu/avian-in-humans.htm
https://www.cdc.gov/flu/avianflu/avian-in-humans.htm
https://www.ncbi.nlm.nih.gov/pubmed/17621612
https://www.ncbi.nlm.nih.gov/pubmed/30741630
https://www.cidrap.umn.edu/news-perspective/2021/02/russia-reports-first-human-h5n8-avian-flu-cases
https://www.cidrap.umn.edu/news-perspective/2021/02/russia-reports-first-human-h5n8-avian-flu-cases
https://thehill.com/policy/international/china/563207-china-reports-man-hospitalized-with-bird-flu
https://www.who.int/publications/m/item/influenza-at-the-human-animal-interface-summary-and-assessment-29jan2021
https://www.who.int/publications/m/item/influenza-at-the-human-animal-interface-summary-and-assessment-29jan2021
https://www.who.int/publications/m/item/cumulative-number-of-confirmed-human-cases-for-avian-influenza-a(h5n1)-reported-to-who-2003-2022-26-jan-2023
https://www.who.int/publications/m/item/cumulative-number-of-confirmed-human-cases-for-avian-influenza-a(h5n1)-reported-to-who-2003-2022-26-jan-2023
https://www.who.int/emergencies/disease-outbreak-news/item/2022-E000111
https://www.ncbi.nlm.nih.gov/pubmed/36849822
https://www.nbcnews.com/health/health-news/bird-flu-father-daughter-cambodia-not-spread-person-to-person-rcna73076
https://www.nbcnews.com/health/health-news/bird-flu-father-daughter-cambodia-not-spread-person-to-person-rcna73076
https://www.who.int/europe/news-room/questions-and-answers/item/avian-influenza-and-people
https://www.who.int/europe/news-room/questions-and-answers/item/avian-influenza-and-people
https://www.who.int/publications/m/item/cumulative-number-of-confirmed-human-cases-for-avian-influenza-a(h5n1)-reported-to-who-2003-2023-24-april-2023
https://www.who.int/publications/m/item/cumulative-number-of-confirmed-human-cases-for-avian-influenza-a(h5n1)-reported-to-who-2003-2023-24-april-2023
https://www.ncbi.nlm.nih.gov/pubmed/33367134


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  45 

147. Liang, W. S.; He, Y. C.; Wu, H. D., et al., Ecological factors associated with persistent 
circulation of multiple highly pathogenic avian influenza viruses among poultry farms in Taiwan 
during 2015-17. PLoS One 2020, 15 (8), e0236581. 
https://www.ncbi.nlm.nih.gov/pubmed/32790744 
148. Malladi, S.; Weaver, J. T.; Lopez, K. M., et al., Surveillance and sequestration strategies to 
reduce the likelihood of transporting HPAIV contaminated layer manure. Avian Dis 2021. 
https://www.ncbi.nlm.nih.gov/pubmed/33647945 
149. Naguib, M. M.; Graaf, A.; Fortin, A., et al., Novel real-time PCR-based patho- and 
phylotyping of potentially zoonotic avian influenza A subtype H5 viruses at risk of incursion into 
Europe in 2017. Euro Surveill 2017, 22 (1), 30435. 
https://www.ncbi.nlm.nih.gov/pubmed/28084214 
150. Sendor, A. B.; Weerasuriya, D.; Sapra, A., Avian Influenza. StatPearls 2023. 
https://www.ncbi.nlm.nih.gov/pubmed/31971713 
151. Simancas-Racines, A.; Cadena-Ullauri, S.; Guevara-Ramirez, P., et al., Avian Influenza: 
Strategies to Manage an Outbreak. Pathogens 2023, 12 (4). 
https://www.ncbi.nlm.nih.gov/pubmed/37111496 
152. Meseko, C. A.; Oladokun, A. T.; Ekong, P. S., et al., Rapid antigen detection in the 
diagnosis of highly pathogenic avian influenza (H5N1) virus in Nigeria. Diagn Microbiol Infect 
Dis 2010, 68 (2), 163-5. https://www.ncbi.nlm.nih.gov/pubmed/20846589 
153. CDC, Rapid Influenza Diagnostic Tests. 
https://www.cdc.gov/flu/professionals/diagnosis/clinician_guidance_ridt.htm (accessed June 6 
2023). 
154. Tiensin, T.; Chaitaweesub, P.; Songserm, T., et al., Highly pathogenic avian influenza 
H5N1, Thailand, 2004. Emerg Infect Dis 2005, 11 (11), 1664-72. 
https://www.ncbi.nlm.nih.gov/pubmed/16318716 
155. Yoo, D. S.; Lee, K. N.; Chun, B. C., et al., Preventive effect of on-farm biosecurity practices 
against highly pathogenic avian influenza (HPAI) H5N6 infection on commercial layer farms in 
the Republic of Korea during the 2016-17 epidemic: A case-control study. Prev Vet Med 2022, 
199, 105556. https://www.ncbi.nlm.nih.gov/pubmed/34896940 
156. Gierak, A.; Bocian, L.; Smietanka, K., Risk Assessment of High Pathogenicity Avian 
Influenza Virus Introduction into Poland via Legal Importation of Live Poultry. Avian Dis 2016, 60 
(1 Suppl), 178-82. https://www.ncbi.nlm.nih.gov/pubmed/27309053 
157. European Food Safety, A.; European Centre for Disease, P.; Control, et al., Avian 
influenza overview February- August 2019. EFSA J 2019, 17 (9), e05843. 
https://www.ncbi.nlm.nih.gov/pubmed/32626437 
158. Health, E. P. o. A.; Welfare; More, S., et al., Avian influenza. EFSA J 2017, 15 (10), 
e04991. https://www.ncbi.nlm.nih.gov/pubmed/32625288 
159. Poulson, R. L.; Brown, J. D., Wild Bird Surveillance for Avian Influenza Virus. Methods Mol 
Biol 2020, 2123, 93-112. https://www.ncbi.nlm.nih.gov/pubmed/32170683 
160. Hill, N. J.; Bishop, M. A.; Trovao, N. S., et al., Ecological divergence of wild birds drives 
avian influenza spillover and global spread. PLoS Pathog 2022, 18 (5), e1010062. 
https://www.ncbi.nlm.nih.gov/pubmed/35588106 
161. van den Brand, J. M. A.; Verhagen, J. H.; Veldhuis Kroeze, E. J. B., et al., Wild ducks 
excrete highly pathogenic avian influenza virus H5N8 (2014-2015) without clinical or 
pathological evidence of disease. Emerg Microbes Infect 2018, 7 (1), 67. 
https://www.ncbi.nlm.nih.gov/pubmed/29670093 
162. Lee, D. H.; Torchetti, M. K.; Killian, M. L., et al., Highly Pathogenic Avian Influenza 
A(H7N9) Virus, Tennessee, USA, March 2017. Emerg Infect Dis 2017, 23 (11), 1860-3. 
https://www.ncbi.nlm.nih.gov/pubmed/28880836 

https://www.ncbi.nlm.nih.gov/pubmed/32790744
https://www.ncbi.nlm.nih.gov/pubmed/33647945
https://www.ncbi.nlm.nih.gov/pubmed/28084214
https://www.ncbi.nlm.nih.gov/pubmed/31971713
https://www.ncbi.nlm.nih.gov/pubmed/37111496
https://www.ncbi.nlm.nih.gov/pubmed/20846589
https://www.cdc.gov/flu/professionals/diagnosis/clinician_guidance_ridt.htm
https://www.ncbi.nlm.nih.gov/pubmed/16318716
https://www.ncbi.nlm.nih.gov/pubmed/34896940
https://www.ncbi.nlm.nih.gov/pubmed/27309053
https://www.ncbi.nlm.nih.gov/pubmed/32626437
https://www.ncbi.nlm.nih.gov/pubmed/32625288
https://www.ncbi.nlm.nih.gov/pubmed/32170683
https://www.ncbi.nlm.nih.gov/pubmed/35588106
https://www.ncbi.nlm.nih.gov/pubmed/29670093
https://www.ncbi.nlm.nih.gov/pubmed/28880836


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  46 

163. Shearn-Bochsler, V. I.; Knowles, S.; Ip, H., Lethal Infection of Wild Raptors with Highly 
Pathogenic Avian Influenza H5N8 and H5N2 Viruses in the USA, 2014-15. J Wildl Dis 2019, 55 
(1), 164-168. https://www.ncbi.nlm.nih.gov/pubmed/30124391 
164. USDA, Avian Influenza Fact Sheet. 
https://www.usda.gov/sites/default/files/documents/usda-avian-influenza-factsheet.pdf 
(accessed Jan 2022). 
165. The Center for Food Security and Public Health, Poultry Biosecurity. 
https://poultrybiosecurity.org/ (accessed June 6 2023). 
166. USDA APHIS, Highly Pathogenic Avian Influenza (HPAI). 
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/emergency-management/hpai/fadprep-
hpai (accessed June 6 2023). 
167. Deliberto, T. J.; Swafford, S. R.; Nolte, D. L., et al., Surveillance for highly pathogenic avian 
influenza in wild birds in the USA. Integr Zool 2009, 4 (4), 426-39. 
https://www.ncbi.nlm.nih.gov/pubmed/21392315 
168. USDA, 2022 Confirmations of Highly Pathogenic Avian Influenza in Commercial and 
Backyard Flocks. https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-
information/avian/avian-influenza/hpai-2022/2022-hpai-commercial-backyard-flocks (accessed 
12/15/2022). 
169. European Food Safety, A.; Aznar, I.; Baldinelli, F., et al., Annual Report on surveillance for 
avian influenza in poultry and wild birds in Member States of the European Union in 2020. EFSA 
J 2021, 19 (12), e06953. https://www.ncbi.nlm.nih.gov/pubmed/34925561 
170. Liang, Y.; Nissen, J. N.; Krog, J. S., et al., Novel Clade 2.3.4.4b Highly Pathogenic Avian 
Influenza A H5N8 and H5N5 Viruses in Denmark, 2020. Viruses 2021, 13 (5). 
https://www.ncbi.nlm.nih.gov/pubmed/34065033 
171. Gaide, N.; Foret-Lucas, C.; Figueroa, T., et al., Viral tropism and detection of clade 
2.3.4.4b H5N8 highly pathogenic avian influenza viruses in feathers of ducks and geese. Sci 
Rep 2021, 11 (1), 5928. https://www.ncbi.nlm.nih.gov/pubmed/33723295 
172. Rahman, M. M.; Nooruzzaman, M.; Kabiraj, C. K., et al., Surveillance on respiratory 
diseases reveals enzootic circulation of both H5 and H9 avian influenza viruses in small-scale 
commercial layer farms of Bangladesh. Zoonoses Public Health 2021, 68 (8), 896-907. 
https://www.ncbi.nlm.nih.gov/pubmed/34219385 
173. Righetto, I.; Filippini, F., Normal modes analysis and surface electrostatics of 
haemagglutinin proteins as fingerprints for high pathogenic type A influenza viruses. BMC 
Bioinformatics 2020, 21 (Suppl 10), 354. https://www.ncbi.nlm.nih.gov/pubmed/32838732 
174. Abdelwhab, E. M.; Hafez, H. M., Insight into alternative approaches for control of avian 
influenza in poultry, with emphasis on highly pathogenic H5N1. Viruses 2012, 4 (11), 3179-208. 
https://www.ncbi.nlm.nih.gov/pubmed/23202521 
175. Twabela, A.; Okamatsu, M.; Matsuno, K., et al., Evaluation of Baloxavir Marboxil and 
Peramivir for the Treatment of High Pathogenicity Avian Influenza in Chickens. Viruses 2020, 12 
(12), 1407. https://www.ncbi.nlm.nih.gov/pubmed/33302389 
176. Sitohy, M.; Osman, A.; El-Deeb, S., et al., H5N1 Avian Flu Infection in Hubbard Broiler 
Chicken Can Be Prevented or Cured by Methylated Soy Protein During 42 Days Rearing. 
Probiotics and Antimicrobial Proteins 2022, 14 (3), 449-463.  
177. Meijer, A.; van der Goot, J. A.; Koch, G., et al., Oseltamivir reduces transmission, 
morbidity, and mortality of highly pathogenic avian influenza in chickens. International Congress 
Series 2004, 1263, 495-498. 
https://www.sciencedirect.com/science/article/pii/S0531513104000214 
178. Hussain, M.; Galvin, H. D.; Haw, T. Y., et al., Drug resistance in influenza A virus: the 
epidemiology and management. Infect Drug Resist 2017, 10, 121-134. 
https://www.ncbi.nlm.nih.gov/pubmed/28458567 

https://www.ncbi.nlm.nih.gov/pubmed/30124391
https://www.usda.gov/sites/default/files/documents/usda-avian-influenza-factsheet.pdf
https://poultrybiosecurity.org/
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/emergency-management/hpai/fadprep-hpai
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/emergency-management/hpai/fadprep-hpai
https://www.ncbi.nlm.nih.gov/pubmed/21392315
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-information/avian/avian-influenza/hpai-2022/2022-hpai-commercial-backyard-flocks
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-information/avian/avian-influenza/hpai-2022/2022-hpai-commercial-backyard-flocks
https://www.ncbi.nlm.nih.gov/pubmed/34925561
https://www.ncbi.nlm.nih.gov/pubmed/34065033
https://www.ncbi.nlm.nih.gov/pubmed/33723295
https://www.ncbi.nlm.nih.gov/pubmed/34219385
https://www.ncbi.nlm.nih.gov/pubmed/32838732
https://www.ncbi.nlm.nih.gov/pubmed/23202521
https://www.ncbi.nlm.nih.gov/pubmed/33302389
https://www.sciencedirect.com/science/article/pii/S0531513104000214
https://www.ncbi.nlm.nih.gov/pubmed/28458567


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  47 

179. Scott, C.; Kankanala, J.; Foster, T. L., et al., Site-directed M2 proton channel inhibitors 
enable synergistic combination therapy for rimantadine-resistant pandemic influenza. PLoS 
Pathog 2020, 16 (8), e1008716. https://www.ncbi.nlm.nih.gov/pubmed/32780760 
180. Capua, I.; Marangon, S., Control of avian influenza in poultry. Emerg Infect Dis 2006, 12 
(9), 1319-24. https://www.ncbi.nlm.nih.gov/pubmed/17073078 
181. Phan, H. T.; Pham, V. T.; Ho, T. T., et al., Immunization with Plant-Derived Multimeric H5 
Hemagglutinins Protect Chicken against Highly Pathogenic Avian Influenza Virus H5N1. 
Vaccines (Basel) 2020, 8 (4), 593. https://www.ncbi.nlm.nih.gov/pubmed/33050224 
182. CDC, Treatment of Avian Influenza A Viruses in People. 
https://www.cdc.gov/flu/avianflu/treatment.htm (accessed 21 Mar 2023). 
183. Chan, P. K.; Lee, N.; Zaman, M., et al., Determinants of antiviral effectiveness in influenza 
virus A subtype H5N1. J Infect Dis 2012, 206 (9), 1359-66. 
https://www.ncbi.nlm.nih.gov/pubmed/22927451 
184. Adisasmito, W.; Chan, P. K.; Lee, N., et al., Effectiveness of antiviral treatment in human 
influenza A(H5N1) infections: analysis of a Global Patient Registry. J Infect Dis 2010, 202 (8), 
1154-60. https://www.ncbi.nlm.nih.gov/pubmed/20831384 
185. CDC, Interim Guidance on Follow-up of Close Contacts of Persons Infected with Novel 
Influenza A Viruses Associated with Severe Human Disease and on the Use of Antiviral 
Medications for Chemoprophylaxis. https://www.cdc.gov/flu/avianflu/novel-av-
chemoprophylaxis-guidance.htm (accessed Jan 2022). 
186. CDC, Interim Guidance on the Use of Antiviral Medications for Treatment of Human 
Infections with Novel Influenza A Viruses Associated with Severe Human Disease. 
https://www.cdc.gov/flu/avianflu/novel-av-treatment-guidance.htm (accessed Jan 2022). 
187. Leneva, I. A.; Roberts, N.; Govorkova, E. A., et al., The neuraminidase inhibitor GS4104 
(oseltamivir phosphate) is efficacious against A/Hong Kong/156/97 (H5N1) and A/Hong 
Kong/1074/99 (H9N2) influenza viruses. Antiviral Res 2000, 48 (2), 101-15. 
https://www.ncbi.nlm.nih.gov/pubmed/11114412 
188. Yen, H. L.; Monto, A. S.; Webster, R. G., et al., Virulence may determine the necessary 
duration and dosage of oseltamivir treatment for highly pathogenic A/Vietnam/1203/04 influenza 
virus in mice. J Infect Dis 2005, 192 (4), 665-72. 
https://www.ncbi.nlm.nih.gov/pubmed/16028136 
189. Alame, M. M.; Massaad, E.; Zaraket, H., Peramivir: A Novel Intravenous Neuraminidase 
Inhibitor for Treatment of Acute Influenza Infections. Front Microbiol 2016, 7 (450), 450. 
https://www.ncbi.nlm.nih.gov/pubmed/27065996 
190. Govorkova, E. A.; Leneva, I. A.; Goloubeva, O. G., et al., Comparison of efficacies of RWJ-
270201, zanamivir, and oseltamivir against H5N1, H9N2, and other avian influenza viruses. 
Antimicrob Agents Chemother 2001, 45 (10), 2723-32. 
https://www.ncbi.nlm.nih.gov/pubmed/11557461 
191. Farooqui, A.; Huang, L.; Wu, S., et al., Assessment of Antiviral Properties of Peramivir 
against H7N9 Avian Influenza Virus in an Experimental Mouse Model. Antimicrob Agents 
Chemother 2015, 59 (12), 7255-64. https://www.ncbi.nlm.nih.gov/pubmed/26369969 
192. Ison, M. G.; Hui, D. S.; Clezy, K., et al., A clinical trial of intravenous peramivir compared 
with oral oseltamivir for the treatment of seasonal influenza in hospitalized adults. Antivir Ther 
2013, 18 (5), 651-61. https://www.ncbi.nlm.nih.gov/pubmed/23111657 
193. Sidwell, R. W.; Barnard, D. L.; Day, C. W., et al., Efficacy of orally administered T-705 on 
lethal avian influenza A (H5N1) virus infections in mice. Antimicrob Agents Chemother 2007, 51 
(3), 845-51. https://www.ncbi.nlm.nih.gov/pubmed/17194832 
194. Ormond, L.; Liu, P.; Matuszewski, S., et al., The Combined Effect of Oseltamivir and 
Favipiravir on Influenza A Virus Evolution. Genome Biol Evol 2017, 9 (7), 1913-1924. 
https://www.ncbi.nlm.nih.gov/pubmed/28854600 

https://www.ncbi.nlm.nih.gov/pubmed/32780760
https://www.ncbi.nlm.nih.gov/pubmed/17073078
https://www.ncbi.nlm.nih.gov/pubmed/33050224
https://www.cdc.gov/flu/avianflu/treatment.htm
https://www.ncbi.nlm.nih.gov/pubmed/22927451
https://www.ncbi.nlm.nih.gov/pubmed/20831384
https://www.cdc.gov/flu/avianflu/novel-av-chemoprophylaxis-guidance.htm
https://www.cdc.gov/flu/avianflu/novel-av-chemoprophylaxis-guidance.htm
https://www.cdc.gov/flu/avianflu/novel-av-treatment-guidance.htm
https://www.ncbi.nlm.nih.gov/pubmed/11114412
https://www.ncbi.nlm.nih.gov/pubmed/16028136
https://www.ncbi.nlm.nih.gov/pubmed/27065996
https://www.ncbi.nlm.nih.gov/pubmed/11557461
https://www.ncbi.nlm.nih.gov/pubmed/26369969
https://www.ncbi.nlm.nih.gov/pubmed/23111657
https://www.ncbi.nlm.nih.gov/pubmed/17194832
https://www.ncbi.nlm.nih.gov/pubmed/28854600


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  48 

195. Bal, C.; Herbreteau, C. H.; Buchy, P., et al., Safety, potential efficacy, and 
pharmacokinetics of specific polyclonal immunoglobulin F(ab')(2) fragments against avian 
influenza A (H5N1) in healthy volunteers: a single-centre, randomised, double-blind, placebo-
controlled, phase 1 study. Lancet Infect Dis 2015, 15 (3), 285-92. 
https://www.ncbi.nlm.nih.gov/pubmed/25662592 
196. Jin, Q.; Yao, Z.; Liu, F., et al., The protective effect of a combination of human intracellular 
and extracellular antibodies against the highly pathogenic avian influenza H5N1 virus. Hum 
Vaccin Immunother 2022, 18 (1), 2035118. https://www.ncbi.nlm.nih.gov/pubmed/35240918 
197. Zhou, B.; Zhong, N.; Guan, Y., Treatment with convalescent plasma for influenza A (H5N1) 
infection. N Engl J Med 2007, 357 (14), 1450-1. 
https://www.ncbi.nlm.nih.gov/pubmed/17914053 
198. Swayne, D. E., Avian influenza vaccines and therapies for poultry. Comp Immunol 
Microbiol Infect Dis 2009, 32 (4), 351-63. https://www.ncbi.nlm.nih.gov/pubmed/18442853 
199. Les Simsa, A. T.; von Dobschuetzb, S.; Gardnerb, E., et al., Rational use of vaccination for 
prevention and control of H5 highly pathogenic avian influenza. 2016.  
200. Union, C. o. t. E., Council approves conclusions on a strategic approach for the 
development of vaccination as a complementary tool for the prevention and control of highly 
pathogenic avian influenza (HPAI). 2022. https://www.consilium.europa.eu/en/press/press-
releases/2022/05/24/council-approves-conclusions-on-a-strategic-approach-for-the-
development-of-vaccination-as-a-complementary-tool-for-the-prevention-and-control-of-highly-
pathogenic-avian-influenza-hpai/ 
201. Stokstad, E., Wrestling with bird flu, Europe considers once-taboo vaccines. Science 11 
May, 2022, 2022. https://www.science.org/content/article/wrestling-bird-flu-europe-considers-
once-taboo-vaccines 
202. Nolen, R. S., USDA starts highly pathogenic avian influenza vaccine trials. 
https://www.avma.org/news/usda-starts-highly-pathogenic-avian-influenza-vaccine-trials 
(accessed June 6 2023). 
203. USDA, Fact Sheet: USDA Continues Partner Engagement to Mitigate Highly Pathogenic 
Avian Influenza for 2023 Season. https://www.usda.gov/media/press-releases/2023/04/14/fact-
sheet-usda-continues-partner-engagement-mitigate-highly (accessed June 6 2023). 
204. Philippa, J. D.; Munster, V. J.; Bolhuis, H., et al., Highly pathogenic avian influenza (H7N7): 
vaccination of zoo birds and transmission to non-poultry species. Vaccine 2005, 23 (50), 5743-
50. https://www.ncbi.nlm.nih.gov/pubmed/16298028 
205. Middleton, D.; Bingham, J.; Selleck, P., et al., Efficacy of inactivated vaccines against 
H5N1 avian influenza infection in ducks. Virology 2007, 359 (1), 66-71. 
https://www.ncbi.nlm.nih.gov/pubmed/17028058 
206. Cagle, C.; To, T. L.; Nguyen, T., et al., Pekin and Muscovy ducks respond differently to 
vaccination with a H5N1 highly pathogenic avian influenza (HPAI) commercial inactivated 
vaccine. Vaccine 2011, 29 (38), 6549-57. https://www.ncbi.nlm.nih.gov/pubmed/21771626 
207. Swayne, D. E.; Pavade, G.; Hamilton, K., et al., Assessment of national strategies for 
control of high-pathogenicity avian influenza and low-pathogenicity notifiable avian influenza in 
poultry, with emphasis on vaccines and vaccination. Rev Sci Tech 2011, 30 (3), 839-70. 
https://www.ncbi.nlm.nih.gov/pubmed/22435196 
208. Shi, J.; Zeng, X.; Cui, P., et al., Alarming situation of emerging H5 and H7 avian influenza 
and effective control strategies. Emerg Microbes Infect 2023, 12 (1), 2155072. 
https://www.ncbi.nlm.nih.gov/pubmed/36458831 
209. Guyonnet, V.; Peters, A. R., Are current avian influenza vaccines a solution for smallholder 
poultry farmers? Gates Open Res 2020, 4, 122. 
https://www.ncbi.nlm.nih.gov/pubmed/33145481 
210. Loeb, J., Calls grow for global avian flu jabs. Vet Rec 2022, 191 (9), 360-361. 
https://www.ncbi.nlm.nih.gov/pubmed/36331460 

https://www.ncbi.nlm.nih.gov/pubmed/25662592
https://www.ncbi.nlm.nih.gov/pubmed/35240918
https://www.ncbi.nlm.nih.gov/pubmed/17914053
https://www.ncbi.nlm.nih.gov/pubmed/18442853
https://www.consilium.europa.eu/en/press/press-releases/2022/05/24/council-approves-conclusions-on-a-strategic-approach-for-the-development-of-vaccination-as-a-complementary-tool-for-the-prevention-and-control-of-highly-pathogenic-avian-influenza-hpai/
https://www.consilium.europa.eu/en/press/press-releases/2022/05/24/council-approves-conclusions-on-a-strategic-approach-for-the-development-of-vaccination-as-a-complementary-tool-for-the-prevention-and-control-of-highly-pathogenic-avian-influenza-hpai/
https://www.consilium.europa.eu/en/press/press-releases/2022/05/24/council-approves-conclusions-on-a-strategic-approach-for-the-development-of-vaccination-as-a-complementary-tool-for-the-prevention-and-control-of-highly-pathogenic-avian-influenza-hpai/
https://www.consilium.europa.eu/en/press/press-releases/2022/05/24/council-approves-conclusions-on-a-strategic-approach-for-the-development-of-vaccination-as-a-complementary-tool-for-the-prevention-and-control-of-highly-pathogenic-avian-influenza-hpai/
https://www.science.org/content/article/wrestling-bird-flu-europe-considers-once-taboo-vaccines
https://www.science.org/content/article/wrestling-bird-flu-europe-considers-once-taboo-vaccines
https://www.avma.org/news/usda-starts-highly-pathogenic-avian-influenza-vaccine-trials
https://www.usda.gov/media/press-releases/2023/04/14/fact-sheet-usda-continues-partner-engagement-mitigate-highly
https://www.usda.gov/media/press-releases/2023/04/14/fact-sheet-usda-continues-partner-engagement-mitigate-highly
https://www.ncbi.nlm.nih.gov/pubmed/16298028
https://www.ncbi.nlm.nih.gov/pubmed/17028058
https://www.ncbi.nlm.nih.gov/pubmed/21771626
https://www.ncbi.nlm.nih.gov/pubmed/22435196
https://www.ncbi.nlm.nih.gov/pubmed/36458831
https://www.ncbi.nlm.nih.gov/pubmed/33145481
https://www.ncbi.nlm.nih.gov/pubmed/36331460


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  49 

211. International Alliance for Biological Standardization (IABS), Conference on Vaccination 
Strategies to Prevent and Control High Pathogenicity Avian Infuenza: Removing Unnecessary 
Barriers for Use. https://www.iabs.org/documents/2022-meetings-and-webinars/hpai-high-
pathogenicity-avian-influenza/final-conclusions-and-recommendations-hpai/?layout=default 
(accessed 13 December, 2022). 
212. USDA APHIS, USDA Takes Action to Help Protect Endangered California Condors From 
Highly Pathogenic Avian Influenza. https://www.aphis.usda.gov/aphis/newsroom/stakeholder-
info/sa_by_date/sa-2023/ca-condor-hpai (accessed June 6 2023). 
213. Kozlov, M., US will vaccinate birds against avian flu for first time - what researchers think. 
Nature 2023, 618 (7964), 220-221. https://www.ncbi.nlm.nih.gov/pubmed/37237129 
214. U.S. Fish & Wildlife Service, California Condor HPAI Response Update - June 2, 2023. 
https://www.fws.gov/story/2023-06/california-condor-hpai-response-update-june-2-2023 
(accessed June 6 2023). 
215. FDA, Influenza A (H5N1) Virus Monovalent Vaccine, Adjuvanted, manufactured by ID 
Biomedical Corporation - Questions and Answers. https://www.fda.gov/vaccines-blood-
biologics/safety-availability-biologics/influenza-h5n1-virus-monovalent-vaccine-adjuvanted-
manufactured-id-biomedical-corporation-questions (accessed June 4 2022). 
216. FDA, H5N1 Influenza Virus Vaccine, manufactured by Sanofi Pasteur, Inc. Questions and 
Answers. https://www.fda.gov/vaccines-blood-biologics/vaccines/h5n1-influenza-virus-vaccine-
manufactured-sanofi-pasteur-inc-questions-and-answers (accessed June 4 2022). 
217. FDA, Audenz. https://www.fda.gov/vaccines-blood-biologics/audenz (accessed June 4 
2022). 
218. European Medicines Agency, Vaccines for Pandemic Influenza. 
https://www.ema.europa.eu/en/human-regulatory/overview/public-health-threats/pandemic-
influenza/vaccines-pandemic-influenza (accessed 06/03/2022). 
219. European Medicines Agency, Foclivia. 
https://www.ema.europa.eu/en/medicines/human/EPAR/foclivia (accessed 06/03/2022). 
220. European Medicines Agency, Adjupanrix (previously Pandemic influenza vaccine (H5N1) 
(split virion, inactivated, adjuvanted) GlaxoSmithKline Biologicals) 
https://www.ema.europa.eu/en/medicines/human/EPAR/adjupanrix-previously-pandemic-
influenza-vaccine-h5n1-split-virion-inactivated-adjuvanted (accessed 06/04/2022). 
221. European Medicines Agency, Aflunov. 
https://www.ema.europa.eu/en/medicines/human/EPAR/aflunov (accessed 06/04/2022). 
222. CDC, Making a Candidate Vaccine Virus (CVV) for a HPAI (Bird Flu) Virus. 
https://www.cdc.gov/flu/avianflu/candidate-vaccine-virus.htm (accessed June 6 2023). 
223. World Health Organization, Zoonotic influenza: candidate vaccine viruses and potency 
testing reagents. https://www.who.int/teams/global-influenza-programme/vaccines/who-
recommendations/zoonotic-influenza-viruses-and-candidate-vaccine-viruses (accessed June 6 
2023). 
224. CDC, Technical Report: Highly Pathogenic Avian Influenza A(H5N1) Viruses. 
https://www.cdc.gov/flu/avianflu/spotlights/2022-2023/h5n1-technical-report.htm (accessed June 
6 2023). 
225. CDC, Ask the Expert: Highly Pathogenic Avian Influenza A(H5N1) Viruses. 
https://www.cdc.gov/flu/avianflu/spotlights/2022-2023/avian-flu-updated.htm (accessed June 6 
2023). 
226. U.S. Department of Health & Human Services, BARDA partners with GSK and CSL 
Seqirus to manufacture and assess the safety, immunogenicity of pandemic influenza vaccine 
candidates. https://medicalcountermeasures.gov/newsroom/2022/influenzavaccines/ (accessed 
June 7 2023). 
227. Niqueux, E.; Flodrops, M.; Allee, C., et al., Evaluation of three hemagglutinin-based 
vaccines for the experimental control of a panzootic clade 2.3.4.4b A(H5N8) high pathogenicity 

https://www.iabs.org/documents/2022-meetings-and-webinars/hpai-high-pathogenicity-avian-influenza/final-conclusions-and-recommendations-hpai/?layout=default
https://www.iabs.org/documents/2022-meetings-and-webinars/hpai-high-pathogenicity-avian-influenza/final-conclusions-and-recommendations-hpai/?layout=default
https://www.aphis.usda.gov/aphis/newsroom/stakeholder-info/sa_by_date/sa-2023/ca-condor-hpai
https://www.aphis.usda.gov/aphis/newsroom/stakeholder-info/sa_by_date/sa-2023/ca-condor-hpai
https://www.ncbi.nlm.nih.gov/pubmed/37237129
https://www.fws.gov/story/2023-06/california-condor-hpai-response-update-june-2-2023
https://www.fda.gov/vaccines-blood-biologics/safety-availability-biologics/influenza-h5n1-virus-monovalent-vaccine-adjuvanted-manufactured-id-biomedical-corporation-questions
https://www.fda.gov/vaccines-blood-biologics/safety-availability-biologics/influenza-h5n1-virus-monovalent-vaccine-adjuvanted-manufactured-id-biomedical-corporation-questions
https://www.fda.gov/vaccines-blood-biologics/safety-availability-biologics/influenza-h5n1-virus-monovalent-vaccine-adjuvanted-manufactured-id-biomedical-corporation-questions
https://www.fda.gov/vaccines-blood-biologics/vaccines/h5n1-influenza-virus-vaccine-manufactured-sanofi-pasteur-inc-questions-and-answers
https://www.fda.gov/vaccines-blood-biologics/vaccines/h5n1-influenza-virus-vaccine-manufactured-sanofi-pasteur-inc-questions-and-answers
https://www.fda.gov/vaccines-blood-biologics/audenz
https://www.ema.europa.eu/en/human-regulatory/overview/public-health-threats/pandemic-influenza/vaccines-pandemic-influenza
https://www.ema.europa.eu/en/human-regulatory/overview/public-health-threats/pandemic-influenza/vaccines-pandemic-influenza
https://www.ema.europa.eu/en/medicines/human/EPAR/foclivia
https://www.ema.europa.eu/en/medicines/human/EPAR/adjupanrix-previously-pandemic-influenza-vaccine-h5n1-split-virion-inactivated-adjuvanted
https://www.ema.europa.eu/en/medicines/human/EPAR/adjupanrix-previously-pandemic-influenza-vaccine-h5n1-split-virion-inactivated-adjuvanted
https://www.ema.europa.eu/en/medicines/human/EPAR/aflunov
https://www.cdc.gov/flu/avianflu/candidate-vaccine-virus.htm
https://www.who.int/teams/global-influenza-programme/vaccines/who-recommendations/zoonotic-influenza-viruses-and-candidate-vaccine-viruses
https://www.who.int/teams/global-influenza-programme/vaccines/who-recommendations/zoonotic-influenza-viruses-and-candidate-vaccine-viruses
https://www.cdc.gov/flu/avianflu/spotlights/2022-2023/h5n1-technical-report.htm
https://www.cdc.gov/flu/avianflu/spotlights/2022-2023/avian-flu-updated.htm
https://medicalcountermeasures.gov/newsroom/2022/influenzavaccines/


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  50 

avian influenza virus in mule ducks. Vaccine 2023, 41 (1), 145-158. 
https://www.ncbi.nlm.nih.gov/pubmed/36411134 
228. Moin, S. M.; Boyington, J. C.; Boyoglu-Barnum, S., et al., Co-immunization with 
hemagglutinin stem immunogens elicits cross-group neutralizing antibodies and broad 
protection against influenza A viruses. Immunity 2022, 55 (12), 2405-2418 e7. 
https://www.ncbi.nlm.nih.gov/pubmed/36356572 
229. Savill, N. J.; St Rose, S. G.; Keeling, M. J., et al., Silent spread of H5N1 in vaccinated 
poultry. Nature 2006, 442 (7104), 757. https://www.ncbi.nlm.nih.gov/pubmed/16915278 
230. Poetri, O. N.; Van Boven, M.; Claassen, I., et al., Silent spread of highly pathogenic Avian 
Influenza H5N1 virus amongst vaccinated commercial layers. Res Vet Sci 2014, 97 (3), 637-41. 
https://www.ncbi.nlm.nih.gov/pubmed/25301756 
231. Cattoli, G.; Fusaro, A.; Monne, I., et al., Evidence for differing evolutionary dynamics of 
A/H5N1 viruses among countries applying or not applying avian influenza vaccination in poultry. 
Vaccine 2011, 29 (50), 9368-75. https://www.ncbi.nlm.nih.gov/pubmed/22001877 
232. Escorcia, M.; Vazquez, L.; Mendez, S. T., et al., Avian influenza: genetic evolution under 
vaccination pressure. Virol J 2008, 5, 15. https://www.ncbi.nlm.nih.gov/pubmed/18218105 
233. Rauw, F.; Palya, V.; Van Borm, S., et al., Further evidence of antigenic drift and protective 
efficacy afforded by a recombinant HVT-H5 vaccine against challenge with two antigenically 
divergent Egyptian clade 2.2.1 HPAI H5N1 strains. Vaccine 2011, 29 (14), 2590-600. 
https://www.ncbi.nlm.nih.gov/pubmed/21292007 
234. Chen, J.; Liu, Z.; Li, K., et al., Emergence of novel avian origin H7N9 viruses after 
introduction of H7-Re3 and rLN79 vaccine strains to China. Transbound Emerg Dis 2022, 69 
(2), 213-220. https://www.ncbi.nlm.nih.gov/pubmed/34817918 
235. World Organisation for Animal Health, WOAH’s Animal Health Forum reshapes avian 
influenza prevention and control strategies. https://www.woah.org/en/woahs-animal-health-
forum-reshapes-avian-influenza-prevention-and-control-strategies/ (accessed June 7 2023). 
236. AVMA, AVMA Guidelines for the Euthanasia of Animals: 2020 Edition. 
https://www.avma.org/sites/default/files/2020-02/Guidelines-on-Euthanasia-2020.pdf (accessed 
December 2022). 
237. USDA, Depopulation and Disposal for Birds in Your HPAI-Infected Flock. 2016; Vol. 91-85-
010, p 2.  
238. American Veterinary Medical Association, AVMA Guidelines for Depopulation of Animals: 
2019 Ed. 2019. https://www.avma.org/sites/default/files/resources/AVMA-Guidelines-for-the-
Depopulation-of-Animals.pdf 
239. Rankin, M. K.; Alphin, R. L.; Benson, E. R., et al., Comparison of water-based foam and 
carbon dioxide gas emergency depopulation methods of turkeys. Poult Sci 2013, 92 (12), 3144-
8. https://www.ncbi.nlm.nih.gov/pubmed/24235223 
240. USDA, National Animal Health Emergency Management System Guidelines: Cleaning and 
Disinfection. 2014. 
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/nahems_guidel
ines/cleaning_disfection.pdf 
241. Caputo, M. P.; Benson, E. R.; Pritchett, E. M., et al., Comparison of water-based foam and 
carbon dioxide gas mass emergency depopulation of White Pekin ducks. Poult Sci 2012, 91 
(12), 3057-64. https://www.ncbi.nlm.nih.gov/pubmed/23155013 
242. VASD, Ventilation Shutdown FAQs. https://www.vavsd.org/faq (accessed Jan 2022). 
243. Zhao, Y.; Xin, H.; Li, L., Modelling and validating the indoor environment and supplemental 
heat requirement during ventilation shutdown (VSD) for rapid depopulation of hens and turkeys. 
Biosystems Engineering 2019, 184, 130-141. https://www.scopus.com/inward/record.uri?eid=2-
s2.0-
85067848956&doi=10.1016%2fj.biosystemseng.2019.06.014&partnerID=40&md5=c09ce47f531
923c4fd5a837355127940 

https://www.ncbi.nlm.nih.gov/pubmed/36411134
https://www.ncbi.nlm.nih.gov/pubmed/36356572
https://www.ncbi.nlm.nih.gov/pubmed/16915278
https://www.ncbi.nlm.nih.gov/pubmed/25301756
https://www.ncbi.nlm.nih.gov/pubmed/22001877
https://www.ncbi.nlm.nih.gov/pubmed/18218105
https://www.ncbi.nlm.nih.gov/pubmed/21292007
https://www.ncbi.nlm.nih.gov/pubmed/34817918
https://www.woah.org/en/woahs-animal-health-forum-reshapes-avian-influenza-prevention-and-control-strategies/
https://www.woah.org/en/woahs-animal-health-forum-reshapes-avian-influenza-prevention-and-control-strategies/
https://www.avma.org/sites/default/files/2020-02/Guidelines-on-Euthanasia-2020.pdf
https://www.avma.org/sites/default/files/resources/AVMA-Guidelines-for-the-Depopulation-of-Animals.pdf
https://www.avma.org/sites/default/files/resources/AVMA-Guidelines-for-the-Depopulation-of-Animals.pdf
https://www.ncbi.nlm.nih.gov/pubmed/24235223
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/nahems_guidelines/cleaning_disfection.pdf
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/nahems_guidelines/cleaning_disfection.pdf
https://www.ncbi.nlm.nih.gov/pubmed/23155013
https://www.vavsd.org/faq
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85067848956&doi=10.1016%2fj.biosystemseng.2019.06.014&partnerID=40&md5=c09ce47f531923c4fd5a837355127940
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85067848956&doi=10.1016%2fj.biosystemseng.2019.06.014&partnerID=40&md5=c09ce47f531923c4fd5a837355127940
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85067848956&doi=10.1016%2fj.biosystemseng.2019.06.014&partnerID=40&md5=c09ce47f531923c4fd5a837355127940
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85067848956&doi=10.1016%2fj.biosystemseng.2019.06.014&partnerID=40&md5=c09ce47f531923c4fd5a837355127940


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  51 

244. Anderson, K., Evaluating hen behavior and physiological stressors during VSD for the 
development of humane methodologies for mass depopulation during a disease outbreak. U.S. 
Poultry & Egg Association 2017. https://www.uspoultry.org/research/resproj/BRU007.html 
245. Eberle-Krish, K. N.; Martin, M. P.; Malheiros, R. D., et al., Evaluation of Ventilation 
Shutdown in a Multi-level Caged System. Journal of Applied Poultry Research 2018, 27 (4), 
555-563. https://www.sciencedirect.com/science/article/pii/S1056617119301916 
246. USDA, National Animal Health Emergency Management System Guidelines: Disposal. 
2012. 
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/nahems_guidel
ines/disposal_nahems.pdf 
247. Elving, J.; Emmoth, E.; Albihn, A., et al., Composting for avian influenza virus elimination. 
Appl Environ Microbiol 2012, 78 (9), 3280-5. https://www.ncbi.nlm.nih.gov/pubmed/22389376 
248. Gonzales, J. L.; Elbers, A. R. W., Effective thresholds for reporting suspicions and improve 
early detection of avian influenza outbreaks in layer chickens. Sci Rep 2018, 8 (1), 8533. 
https://www.ncbi.nlm.nih.gov/pubmed/29867092 
249. Seeger, R. M.; Hagerman, A. D.; Johnson, K. K., et al., When poultry take a sick leave: 
Response costs for the 2014–2015 highly pathogenic avian influenza epidemic in the USA. 
Food Policy 2021, 102, 102068. 
https://www.sciencedirect.com/science/article/pii/S0306919221000452 
250. Andronico, A.; Courcoul, A.; Bronner, A., et al., Highly pathogenic avian influenza H5N8 in 
south-west France 2016-2017: A modeling study of control strategies. Epidemics 2019, 28, 
100340. https://www.ncbi.nlm.nih.gov/pubmed/30952584 
251. Tasiame, W.; Johnson, S.; Burimuah, V., et al., Outbreak of highly pathogenic avian 
influenza in Ghana, 2015: degree of losses and outcomes of time-course outbreak 
management. Epidemiol Infect 2020, 148, e45. https://www.ncbi.nlm.nih.gov/pubmed/32063239 
252. Mo, I. P.; Bae, Y. J.; Lee, S. B., et al., Review of Avian Influenza Outbreaks in South Korea 
from 1996 to 2014. Avian Dis 2016, 60 (1 Suppl), 172-7. 
https://www.ncbi.nlm.nih.gov/pubmed/27309052 
253. Djurdjevic, B.; Polacek, V.; Pajic, M., et al., Highly Pathogenic Avian Influenza H5N8 
Outbreak in Backyard Chickens in Serbia. Animals (Basel) 2023, 13 (4). 
https://www.ncbi.nlm.nih.gov/pubmed/36830487 
254. Zhao, Y.; Richardson, B.; Takle, E., et al., Airborne transmission may have played a role in 
the spread of 2015 highly pathogenic avian influenza outbreaks in the United States. Sci Rep 
2019, 9 (1), 11755. https://www.ncbi.nlm.nih.gov/pubmed/31409807 
255. USDA, Manage Wildlife To Prevent Avian Influenza. 
https://www.aphis.usda.gov/publications/animal_health/fs-manage-wildlife-prevent-ai.508.pdf 
(accessed 13 December, 2022). 
256. Gurung, S.; Hoffman, J.; Stringfellow, K., et al., Depopulation of Caged Layer Hens with a 
Compressed Air Foam System. Animals (Basel) 2018, 8 (1). 
https://www.ncbi.nlm.nih.gov/pubmed/29324639 
257. USDA, Reduction of Infectious Highly Pathogenic Avian Influenza Virus In Animal 
Agricultural Settings. 
https://www.aphis.usda.gov/animal_health/downloads/animal_diseases/ai/hpai-reduction-of-
infectious.pdf (accessed June 7 2023). 
258. Mitchell, C. A.; Guerin, L. F.; Robillard, J., Decay of influenza A viruses of human and 
avian origin. Can J Comp Med 1968, 32 (4), 544-6. 
https://www.ncbi.nlm.nih.gov/pubmed/4234786 
259. Mitchell, C. A.; Guerin, L. F., Influenza A of human, swine, equine and avian origin: 
comparison of survival in aerosol form. Can J Comp Med 1972, 36 (1), 9-11. 
https://www.ncbi.nlm.nih.gov/pubmed/4258552 

https://www.uspoultry.org/research/resproj/BRU007.html
https://www.sciencedirect.com/science/article/pii/S1056617119301916
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/nahems_guidelines/disposal_nahems.pdf
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/nahems_guidelines/disposal_nahems.pdf
https://www.ncbi.nlm.nih.gov/pubmed/22389376
https://www.ncbi.nlm.nih.gov/pubmed/29867092
https://www.sciencedirect.com/science/article/pii/S0306919221000452
https://www.ncbi.nlm.nih.gov/pubmed/30952584
https://www.ncbi.nlm.nih.gov/pubmed/32063239
https://www.ncbi.nlm.nih.gov/pubmed/27309052
https://www.ncbi.nlm.nih.gov/pubmed/36830487
https://www.ncbi.nlm.nih.gov/pubmed/31409807
https://www.aphis.usda.gov/publications/animal_health/fs-manage-wildlife-prevent-ai.508.pdf
https://www.ncbi.nlm.nih.gov/pubmed/29324639
https://www.aphis.usda.gov/animal_health/downloads/animal_diseases/ai/hpai-reduction-of-infectious.pdf
https://www.aphis.usda.gov/animal_health/downloads/animal_diseases/ai/hpai-reduction-of-infectious.pdf
https://www.ncbi.nlm.nih.gov/pubmed/4234786
https://www.ncbi.nlm.nih.gov/pubmed/4258552


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  52 

260. Zou, S.; Guo, J.; Gao, R., et al., Inactivation of the novel avian influenza A (H7N9) virus 
under physical conditions or chemical agents treatment. Virol J 2013, 10 (1), 289. 
https://www.ncbi.nlm.nih.gov/pubmed/24034697 
261. Shahid, M. A.; Abubakar, M.; Hameed, S., et al., Avian influenza virus (H5N1); effects of 
physico-chemical factors on its survival. Virol J 2009, 6, 38. 
https://www.ncbi.nlm.nih.gov/pubmed/19327163 
262. Paek, M. R.; Lee, Y. J.; Yoon, H., et al., Survival rate of H5N1 highly pathogenic avian 
influenza viruses at different temperatures. Poult Sci 2010, 89 (8), 1647-50. 
https://www.ncbi.nlm.nih.gov/pubmed/20634520 
263. Bertran, K.; Balzli, C.; Kwon, Y. K., et al., Airborne Transmission of Highly Pathogenic 
Influenza Virus during Processing of Infected Poultry. Emerg Infect Dis 2017, 23 (11), 1806-
1814. https://www.ncbi.nlm.nih.gov/pubmed/29047426 
264. Ramey, A. M.; Reeves, A. B.; Drexler, J. Z., et al., Influenza A viruses remain infectious for 
more than seven months in northern wetlands of North America. Proc Biol Sci 2020, 287 (1934), 
20201680. https://www.ncbi.nlm.nih.gov/pubmed/32901574 
265. Brown, J. D.; Goekjian, G.; Poulson, R., et al., Avian influenza virus in water: infectivity is 
dependent on pH, salinity and temperature. Vet Microbiol 2009, 136 (1-2), 20-6. 
https://www.ncbi.nlm.nih.gov/pubmed/19081209 
266. Stallknecht, D. E.; Shane, S. M.; Kearney, M. T., et al., Persistence of Avian Influenza 
Viruses in Water. Avian Diseases 1990, 34 (2), 406-411. http://www.jstor.org/stable/1591428 
267. Brown, J.; Stallknecht, D.; Lebarbenchon, C., et al., Survivability of Eurasian H5N1 highly 
pathogenic avian influenza viruses in water varies between strains. Avian Dis 2014, 58 (3), 453-
7. https://www.ncbi.nlm.nih.gov/pubmed/25518441 
268. Brown, J. D.; Swayne, D. E.; Cooper, R. J., et al., Persistence of H5 and H7 avian 
influenza viruses in water. Avian Dis 2007, 51 (1 Suppl), 285-9. 
https://www.ncbi.nlm.nih.gov/pubmed/17494568 
269. Nazir, J.; Haumacher, R.; Ike, A. C., et al., Persistence of avian influenza viruses in lake 
sediment, duck feces, and duck meat. Appl Environ Microbiol 2011, 77 (14), 4981-5. 
https://www.ncbi.nlm.nih.gov/pubmed/21622783 
270. Horm, V. S.; Gutierrez, R. A.; Nicholls, J. M., et al., Highly pathogenic influenza A(H5N1) 
virus survival in complex artificial aquatic biotopes. PLoS One 2012, 7 (4), e34160. 
https://www.ncbi.nlm.nih.gov/pubmed/22514622 
271. Ramey, A. M.; Reeves, A. B.; Lagasse, B. J., et al., Evidence for interannual persistence of 
infectious influenza A viruses in Alaska wetlands. Sci Total Environ 2022, 803, 150078. 
https://www.ncbi.nlm.nih.gov/pubmed/34525758 
272. Yamamoto, Y.; Nakamura, K.; Yamada, M., et al., Persistence of avian influenza virus 
(H5N1) in feathers detached from bodies of infected domestic ducks. Appl Environ Microbiol 
2010, 76 (16), 5496-9. https://www.ncbi.nlm.nih.gov/pubmed/20581177 
273. Karunakaran, A. C.; Murugkar, H. V.; Kumar, M., et al., Survivability of highly pathogenic 
avian influenza virus (H5N1) in naturally preened duck feathers at different temperatures. 
Transbound Emerg Dis 2019, 66 (3), 1306-1313. 
https://www.ncbi.nlm.nih.gov/pubmed/30861310 
274. Kurmi, B.; Murugkar, H. V.; Nagarajan, S., et al., Survivability of Highly Pathogenic Avian 
Influenza H5N1 Virus in Poultry Faeces at Different Temperatures. Indian J Virol 2013, 24 (2), 
272-7. https://www.ncbi.nlm.nih.gov/pubmed/24426286 
275. Wood, J. P.; Choi, Y. W.; Chappie, D. J., et al., Environmental persistence of a highly 
pathogenic avian influenza (H5N1) virus. Environ Sci Technol 2010, 44 (19), 7515-20. 
https://www.ncbi.nlm.nih.gov/pubmed/20815380 
276. Bean, B.; Moore, B. M.; Sterner, B., et al., Survival of influenza viruses on environmental 
surfaces. J Infect Dis 1982, 146 (1), 47-51. https://www.ncbi.nlm.nih.gov/pubmed/6282993 

https://www.ncbi.nlm.nih.gov/pubmed/24034697
https://www.ncbi.nlm.nih.gov/pubmed/19327163
https://www.ncbi.nlm.nih.gov/pubmed/20634520
https://www.ncbi.nlm.nih.gov/pubmed/29047426
https://www.ncbi.nlm.nih.gov/pubmed/32901574
https://www.ncbi.nlm.nih.gov/pubmed/19081209
http://www.jstor.org/stable/1591428
https://www.ncbi.nlm.nih.gov/pubmed/25518441
https://www.ncbi.nlm.nih.gov/pubmed/17494568
https://www.ncbi.nlm.nih.gov/pubmed/21622783
https://www.ncbi.nlm.nih.gov/pubmed/22514622
https://www.ncbi.nlm.nih.gov/pubmed/34525758
https://www.ncbi.nlm.nih.gov/pubmed/20581177
https://www.ncbi.nlm.nih.gov/pubmed/30861310
https://www.ncbi.nlm.nih.gov/pubmed/24426286
https://www.ncbi.nlm.nih.gov/pubmed/20815380
https://www.ncbi.nlm.nih.gov/pubmed/6282993


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  53 

277. Tiwari, A.; Patnayak, D. P.; Chander, Y., et al., Survival of two avian respiratory viruses on 
porous and nonporous surfaces. Avian Dis 2006, 50 (2), 284-7. 
https://www.ncbi.nlm.nih.gov/pubmed/16863083 
278. Meng, J.; Zhang, Q.; Ma, M., et al., Persistence of avian influenza virus (H9N2) on plastic 
surface. Sci Total Environ 2022, 834, 155355. https://www.ncbi.nlm.nih.gov/pubmed/35460779 
279. Bandou, R.; Hirose, R.; Nakaya, T., et al., Higher Viral Stability and Ethanol Resistance of 
Avian Influenza A(H5N1) Virus on Human Skin. Emerg Infect Dis 2022, 28 (3), 639-649. 
https://www.ncbi.nlm.nih.gov/pubmed/35202523 
280. Figueroa, A.; Derksen, T.; Biswas, S., et al., Persistence of low and highly pathogenic 
avian influenza virus in reused poultry litter, effects of litter amendment use, and composting 
temperatures. Journal of Applied Poultry Research 2021, 30 (1), 100096. 
https://www.sciencedirect.com/science/article/pii/S1056617120300933 
281. Harder, T. C.; Teuffert, J.; Starick, E., et al., Highly pathogenic avian influenza virus (H5N1) 
in frozen duck carcasses, Germany, 2007. Emerg Infect Dis 2009, 15 (2), 272-9. 
https://www.ncbi.nlm.nih.gov/pubmed/19193272 
282. Tumpey, T. M.; Suarez, D. L.; Perkins, L. E., et al., Characterization of a highly pathogenic 
H5N1 avian influenza A virus isolated from duck meat. J Virol 2002, 76 (12), 6344-55. 
https://www.ncbi.nlm.nih.gov/pubmed/12021367 
283. Mase, M.; Eto, M.; Tanimura, N., et al., Isolation of a genotypically unique H5N1 influenza 
virus from duck meat imported into Japan from China. Virology 2005, 339 (1), 101-9. 
https://www.ncbi.nlm.nih.gov/pubmed/15964604 
284. Dai, M.; Yan, N.; Huang, Y., et al., Survivability of highly pathogenic avian influenza virus 
on raw chicken meat in different environmental conditions. Lancet Microbe 2022, 3 (2), e92. 
https://www.ncbi.nlm.nih.gov/pubmed/35544047 
285. USDA, Potential Disinfection to Use Against Avian Influenza Virus in Farm Settings. 
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/aiv_table.pdf 
(accessed 13 December, 2022). 
286. EPA, List M: Registered Antimicrobial Products with Label Claims for Avian Influenza. 
https://www.epa.gov/pesticide-registration/list-m-registered-antimicrobial-products-label-claims-
avian-influenza#products (accessed 13 December, 2022). 
287. USDA, HPAI Response: Cleaning & Disinfection Basics (Virus Elimination) 
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/hpai/cleaning_
disinfection.pdf (accessed 06/05/2022). 
288. USDA, FIFRA Section 18 Emergency Exemption Label (Rev. 11/19/18) United States 
Department of Agriculture: 2018. 
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/virkonS+PGlab
el.pdf 
289. van den Berg, T.; Houdart, P., Avian influenza outbreak management: action at time of 
confirmation, depopulation and disposal methods; the 'Belgian experience' during the H7N7 
highly pathogenic avian influenza epidemic in 2003. Zoonoses Public Health 2008, 55 (1), 54-
64. https://www.ncbi.nlm.nih.gov/pubmed/18201328 
290. Nezworski, J.; St Charles, K. M.; Malladi, S., et al., A Retrospective Study of Early vs. Late 
Virus Detection and Depopulation on Egg Laying Chicken Farms Infected with Highly 
Pathogenic Avian Influenza Virus During the 2015 H5N2 Outbreak in the United States. Avian 
Dis 2021, 65 (3), 474-482. https://www.ncbi.nlm.nih.gov/pubmed/34699146 
291. Huneau-Salaun, A.; Scoizec, A.; Thomas, R., et al., Cleaning and disinfection of crates and 
trucks used for duck transport: field observations during the H5N8 avian influenza outbreaks in 
France in 2017. Poult Sci 2020, 99 (6), 2931-2936. 
https://www.ncbi.nlm.nih.gov/pubmed/32475427 

https://www.ncbi.nlm.nih.gov/pubmed/16863083
https://www.ncbi.nlm.nih.gov/pubmed/35460779
https://www.ncbi.nlm.nih.gov/pubmed/35202523
https://www.sciencedirect.com/science/article/pii/S1056617120300933
https://www.ncbi.nlm.nih.gov/pubmed/19193272
https://www.ncbi.nlm.nih.gov/pubmed/12021367
https://www.ncbi.nlm.nih.gov/pubmed/15964604
https://www.ncbi.nlm.nih.gov/pubmed/35544047
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/aiv_table.pdf
https://www.epa.gov/pesticide-registration/list-m-registered-antimicrobial-products-label-claims-avian-influenza#products
https://www.epa.gov/pesticide-registration/list-m-registered-antimicrobial-products-label-claims-avian-influenza#products
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/hpai/cleaning_disinfection.pdf
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/hpai/cleaning_disinfection.pdf
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/virkonS+PGlabel.pdf
https://www.aphis.usda.gov/animal_health/emergency_management/downloads/virkonS+PGlabel.pdf
https://www.ncbi.nlm.nih.gov/pubmed/18201328
https://www.ncbi.nlm.nih.gov/pubmed/34699146
https://www.ncbi.nlm.nih.gov/pubmed/32475427


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  54 

292. Doyle Ellin, S. S.-C., Michael Robach, and Ron Weiss. Destruction of H5N1 Avian 
Influenza Virus in Meat and Poultry Products FRI Briefings [Online], 2007. 
https://fri.wisc.edu/files/Briefs_File/FRI_Brief_H5N1_Avian_Influenza_8_07.pdf. 
293. Isbarn, S.; Buckow, R.; Himmelreich, A., et al., Inactivation of avian influenza virus by heat 
and high hydrostatic pressure. J Food Prot 2007, 70 (3), 667-73. 
https://www.ncbi.nlm.nih.gov/pubmed/17388057 
294. Thomas, C.; King, D. J.; Swayne, D. E., Thermal inactivation of avian influenza and 
Newcastle disease viruses in chicken meat. J Food Prot 2008, 71 (6), 1214-22. 
https://www.ncbi.nlm.nih.gov/pubmed/18592748 
295. Brahmakshatriya, V.; Lupiani, B.; Brinlee, J. L., et al., Preliminary study for evaluation of 
avian influenza virus inactivation in contaminated poultry products using electron beam 
irradiation. Avian Pathol 2009, 38 (3), 245-50. https://www.ncbi.nlm.nih.gov/pubmed/19468943 
296. Nishisaka-Nonaka, R.; Mawatari, K.; Yamamoto, T., et al., Irradiation by ultraviolet light-
emitting diodes inactivates influenza a viruses by inhibiting replication and transcription of viral 
RNA in host cells. J Photochem Photobiol B 2018, 189, 193-200. 
https://www.ncbi.nlm.nih.gov/pubmed/30391908 
297. USDA APHIS, HPAI Virus Elimination: Per-Square-Foot Flat Rates for Floor-Raised 
Poultry. https://www.aphis.usda.gov/animal_health/downloads/animal_diseases/ai/hpai-virus-
elimination-sqft-flat-rate.pdf (accessed June 7 2023). 
298. CDC, Recommendations for Worker Protection and Use of Personal Protective Equipment 
(PPE) to Reduce Exposure to Highly Pathogenic Avian Influenza A H5 Viruses. 
https://www.cdc.gov/flu/avianflu/h5/worker-protection-ppe.htm (accessed Jan 2022). 
299. OSHA, Avian Flu - Poultry Workers. 
https://www.osha.gov/sites/default/files/publications/poultry_employees.pdf (accessed Jan 
2022). 
300. APHIS, U., Guidelines for Avian Influenza Viruses 
https://www.selectagents.gov/compliance/guidance/avian/docs/AIV_Guidelines_180220.pdf 
(accessed December 1, 2022). 
301. CDC, N., Biosafety in Microbiological and Biomedical Laboratories. 
https://www.cdc.gov/labs/pdf/SF__19_308133-A_BMBL6_00-BOOK-WEB-final-3.pdf (accessed 
December 2022). 
302. NIH, NIH Guidelines for Research Involving Recombinant or Synthetic Nucleic Acid 
Molecules. https://osp.od.nih.gov/wp-content/uploads/NIH_Guidelines.pdf (accessed Jan 2022). 
303. CDC, Report on the Inadvertent CrossContamination and Shipment of a Laboratory 
Specimen with Influenza Virus H5N1. 
https://www.cdc.gov/labs/pdf/InvestigationCDCH5N1contaminationeventAugust15.pdf 
(accessed 06/04/2022). 
304. Lee, D. H.; Criado, M. F.; Swayne, D. E., Pathobiological Origins and Evolutionary History 
of Highly Pathogenic Avian Influenza Viruses. Cold Spring Harb Perspect Med 2021, 11 (2). 
https://www.ncbi.nlm.nih.gov/pubmed/31964650 
305. Munster, V. J.; Wallensten, A.; Baas, C., et al., Mallards and highly pathogenic avian 
influenza ancestral viruses, northern Europe. Emerg Infect Dis 2005, 11 (10), 1545-51. 
https://www.ncbi.nlm.nih.gov/pubmed/16318694 
306. Alkie, T. N.; Lopes, S.; Hisanaga, T., et al., A threat from both sides: Multiple introductions 
of genetically distinct H5 HPAI viruses into Canada via both East Asia-Australasia/Pacific and 
Atlantic flyways. Virus Evol 2022, 8 (2), veac077. 
https://www.ncbi.nlm.nih.gov/pubmed/36105667 
307. Song, W.; Huang, X.; Guan, W., et al., Multiple basic amino acids in the cleavage site of 
H7N9 hemagglutinin contribute to high virulence in mice. J Thorac Dis 2021, 13 (8), 4650-4660. 
https://www.ncbi.nlm.nih.gov/pubmed/34527306 

https://fri.wisc.edu/files/Briefs_File/FRI_Brief_H5N1_Avian_Influenza_8_07.pdf
https://www.ncbi.nlm.nih.gov/pubmed/17388057
https://www.ncbi.nlm.nih.gov/pubmed/18592748
https://www.ncbi.nlm.nih.gov/pubmed/19468943
https://www.ncbi.nlm.nih.gov/pubmed/30391908
https://www.aphis.usda.gov/animal_health/downloads/animal_diseases/ai/hpai-virus-elimination-sqft-flat-rate.pdf
https://www.aphis.usda.gov/animal_health/downloads/animal_diseases/ai/hpai-virus-elimination-sqft-flat-rate.pdf
https://www.cdc.gov/flu/avianflu/h5/worker-protection-ppe.htm
https://www.osha.gov/sites/default/files/publications/poultry_employees.pdf
https://www.selectagents.gov/compliance/guidance/avian/docs/AIV_Guidelines_180220.pdf
https://www.cdc.gov/labs/pdf/SF__19_308133-A_BMBL6_00-BOOK-WEB-final-3.pdf
https://osp.od.nih.gov/wp-content/uploads/NIH_Guidelines.pdf
https://www.cdc.gov/labs/pdf/InvestigationCDCH5N1contaminationeventAugust15.pdf
https://www.ncbi.nlm.nih.gov/pubmed/31964650
https://www.ncbi.nlm.nih.gov/pubmed/16318694
https://www.ncbi.nlm.nih.gov/pubmed/36105667
https://www.ncbi.nlm.nih.gov/pubmed/34527306


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  55 

308. USDA, 2022 Detections of Highly Pathogenic Avian Influenza. 
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-
information/avian/avian-influenza/2022-hpai (accessed December 2022). 
309. Group, W. O. F. H. N. E. W., Toward a unified nomenclature system for highly pathogenic 
avian influenza virus (H5N1). Emerg Infect Dis 2008, 14 (7), e1. 
https://www.ncbi.nlm.nih.gov/pubmed/18598616 
310. World Health Organization/World Organisation for Animal, H. F.; Agriculture Organization, 
H. N. E. W. G., Revised and updated nomenclature for highly pathogenic avian influenza A 
(H5N1) viruses. Influenza Other Respir Viruses 2014, 8 (3), 384-8. 
https://www.ncbi.nlm.nih.gov/pubmed/24483237 
311. Smith, G. J.; Donis, R. O.; World Health Organization/World Organisation for Animal, H. F., 
et al., Nomenclature updates resulting from the evolution of avian influenza A(H5) virus clades 
2.1.3.2a, 2.2.1, and 2.3.4 during 2013-2014. Influenza Other Respir Viruses 2015, 9 (5), 271-6. 
https://www.ncbi.nlm.nih.gov/pubmed/25966311 
312. Yang, Q.; Xue, X.; Zhang, Z., et al., Clade 2.3.4.4b H5N8 Subtype Avian Influenza Viruses 
Were Identified from the Common Crane Wintering in Yunnan Province, China. Viruses 2022, 
15 (1). https://www.ncbi.nlm.nih.gov/pubmed/36680078 
313. Letsholo, S. L.; James, J.; Meyer, S. M., et al., Emergence of High Pathogenicity Avian 
Influenza Virus H5N1 Clade 2.3.4.4b in Wild Birds and Poultry in Botswana. Viruses 2022, 14 
(12). https://www.ncbi.nlm.nih.gov/pubmed/36560605 
314. Kim, H.; Cho, H. K.; Kang, Y. M., et al., Protective efficacy of a bivalent H5 influenza 
vaccine candidate against both clades 2.3.2.1 and 2.3.4.4 high pathogenic avian influenza 
viruses in SPF chickens. Vaccine 2023, 41 (17), 2816-2823. 
https://www.ncbi.nlm.nih.gov/pubmed/37024409 
315. Rehman, S.; Prasetya, R. R.; Rahardjo, K., et al., Whole-genome sequence and genesis of 
an avian influenza virus H5N1 isolated from a healthy chicken in a live bird market in Indonesia: 
accumulation of mammalian adaptation markers in avian hosts. PeerJ 2023, 11, e14917. 
https://www.ncbi.nlm.nih.gov/pubmed/36846456 
316. CDC, Highlights in the History of Avian Influenza (Bird Flu) Timeline – 2020-2023. 
https://www.cdc.gov/flu/avianflu/timeline/avian-timeline-2020s.htm. 
317. CDC, H5N1 Update: Two Human H5N1 Cases in Cambodia. 
https://www.cdc.gov/flu/avianflu/human-cases-cambodia.htm (accessed June 8 2023). 
318. Yang, J.; Zhang, C.; Yuan, Y., et al., Novel Avian Influenza Virus (H5N1) Clade 2.3.4.4b 
Reassortants in Migratory Birds, China. Emerg Infect Dis 2023, 29 (6), 1244-1249. 
https://www.ncbi.nlm.nih.gov/pubmed/37209677 
319. Cui, Y.; Li, Y.; Li, M., et al., Evolution and extensive reassortment of H5 influenza viruses 
isolated from wild birds in China over the past decade. Emerg Microbes Infect 2020, 9 (1), 1793-
1803. https://www.ncbi.nlm.nih.gov/pubmed/32686602 
320. Lee, S. H.; Cho, A. Y.; Kim, T. H., et al., Novel Highly Pathogenic Avian Influenza A(H5N1) 
Clade 2.3.4.4b Virus in Wild Birds, South Korea. Emerg Infect Dis 2023, 29 (7), 1475-1478. 
https://www.ncbi.nlm.nih.gov/pubmed/37204922 
321. Nagy, A.; Stara, M.; Cernikova, L., et al., Genotype Diversity, Wild Bird-to-Poultry 
Transmissions, and Farm-to-Farm Carryover during the Spread of the Highly Pathogenic Avian 
Influenza H5N1 in the Czech Republic in 2021/2022. Viruses 2023, 15 (2). 
https://www.ncbi.nlm.nih.gov/pubmed/36851507 
322. Dugan, V. G.; Chen, R.; Spiro, D. J., et al., The evolutionary genetics and emergence of 
avian influenza viruses in wild birds. PLoS Pathog 2008, 4 (5), e1000076. 
https://www.ncbi.nlm.nih.gov/pubmed/18516303 
323. Bergervoet, S. A.; Ho, C. K. Y.; Heutink, R., et al., Spread of Highly Pathogenic Avian 
Influenza (HPAI) H5N5 Viruses in Europe in 2016-2017 Appears Related to the Timing of 

https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-information/avian/avian-influenza/2022-hpai
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-information/avian/avian-influenza/2022-hpai
https://www.ncbi.nlm.nih.gov/pubmed/18598616
https://www.ncbi.nlm.nih.gov/pubmed/24483237
https://www.ncbi.nlm.nih.gov/pubmed/25966311
https://www.ncbi.nlm.nih.gov/pubmed/36680078
https://www.ncbi.nlm.nih.gov/pubmed/36560605
https://www.ncbi.nlm.nih.gov/pubmed/37024409
https://www.ncbi.nlm.nih.gov/pubmed/36846456
https://www.cdc.gov/flu/avianflu/timeline/avian-timeline-2020s.htm
https://www.cdc.gov/flu/avianflu/human-cases-cambodia.htm
https://www.ncbi.nlm.nih.gov/pubmed/37209677
https://www.ncbi.nlm.nih.gov/pubmed/32686602
https://www.ncbi.nlm.nih.gov/pubmed/37204922
https://www.ncbi.nlm.nih.gov/pubmed/36851507
https://www.ncbi.nlm.nih.gov/pubmed/18516303


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  56 

Reassortment Events. Viruses 2019, 11 (6), 501. 
https://www.ncbi.nlm.nih.gov/pubmed/31159210 
324. CDC, Current Bird Flu Situation in Wild Birds. 
https://www.cdc.gov/flu/avianflu/wildbirds.htm (accessed 13 December, 2022). 
325. CDC, Current U.S. Bird Flu Situation in Humans. 
https://www.cdc.gov/flu/avianflu/inhumans.htm (accessed 13 December, 2022). 
326. ECDC, First identification of human cases of avian influenza A (H5N8) infection; European 
Centre for Disease Prevention and Control: 2021. 
https://www.ecdc.europa.eu/sites/default/files/documents/First-identification-human-cases-
avian-influenza-A-H5N8-infection.pdf 
327. Abbasi, J., Bird Flu Has Begun to Spread in Mammals-Here's What's Important to Know. 
JAMA 2023, 329 (8), 619-621. https://www.ncbi.nlm.nih.gov/pubmed/36753673 
328. Yang, L.; Zhu, W.; Li, X., et al., Genesis and Spread of Newly Emerged Highly Pathogenic 
H7N9 Avian Viruses in Mainland China. J Virol 2017, 91 (23). 
https://www.ncbi.nlm.nih.gov/pubmed/28956760 
329. Imai, M.; Kawaoka, Y., The role of receptor binding specificity in interspecies transmission 
of influenza viruses. Curr Opin Virol 2012, 2 (2), 160-7. 
https://www.ncbi.nlm.nih.gov/pubmed/22445963 
330. Mertens, E.; Dugan, V. G.; Stockwell, T. B., et al., Evaluation of phenotypic markers in full 
genome sequences of avian influenza isolates from California. Comp Immunol Microbiol Infect 
Dis 2013, 36 (5), 521-36. https://www.ncbi.nlm.nih.gov/pubmed/23891310 
331. Wang, R. H.; Jin, Z.; Liu, Q. X., et al., A simple stochastic model with environmental 
transmission explains multi-year periodicity in outbreaks of avian flu. PLoS One 2012, 7 (2), 
e28873. https://www.ncbi.nlm.nih.gov/pubmed/22363397 
332. Li, Y. T.; Su, Y. C. F.; Smith, G. J. D., H5Nx Viruses Emerged during the Suppression of 
H5N1 Virus Populations in Poultry. Microbiol Spectr 2021, 9 (2), e0130921. 
https://www.ncbi.nlm.nih.gov/pubmed/34585974 
333. Lorbach, J. N.; Fitzgerald, T.; Nolan, C., et al., Gaps in Serologic Immunity against 
Contemporary Swine-Origin Influenza A Viruses among Healthy Individuals in the United States. 
Viruses 2021, 13 (1). https://www.ncbi.nlm.nih.gov/pubmed/33477472 
334. Verhagen, J. H.; Fouchier, R. A. M.; Lewis, N., Highly Pathogenic Avian Influenza Viruses 
at the Wild–Domestic Bird Interface in Europe: Future Directions for Research and Surveillance. 
Viruses 2021, 13 (2), 212. https://www.mdpi.com/1999-4915/13/2/212 
335. Zhang, L.; Guo, Z. W.; Bridge, E. S., et al., Distribution and dynamics of risk factors 
associated with highly pathogenic avian influenza H5N1. Epidemiol Infect 2013, 141 (11), 2444-
53. https://www.ncbi.nlm.nih.gov/pubmed/23398949 
336. Kilpatrick, A. M.; Chmura, A. A.; Gibbons, D. W., et al., Predicting the global spread of 
H5N1 avian influenza. Proc Natl Acad Sci U S A 2006, 103 (51), 19368-73. 
https://www.ncbi.nlm.nih.gov/pubmed/17158217 
337. Navarro-Lopez, R.; Xu, W.; Gomez-Romero, N., et al., Phylogenetic Inference of the 2022 
Highly Pathogenic H7N3 Avian Influenza Outbreak in Northern Mexico. Pathogens 2022, 11 
(11). https://www.ncbi.nlm.nih.gov/pubmed/36365034 
338. Parums, D. V., Editorial: Global Surveillance of Highly Pathogenic Avian Influenza Viruses 
in Poultry, Wild Birds, and Mammals to Prevent a Human Influenza Pandemic. Med Sci Monit 
2023, 29, e939968. https://www.ncbi.nlm.nih.gov/pubmed/36855861 
339. Alarcon, P.; Brouwer, A.; Venkatesh, D., et al., Comparison of 2016-17 and Previous 
Epizootics of Highly Pathogenic Avian Influenza H5 Guangdong Lineage in Europe. Emerg 
Infect Dis 2018, 24 (12), 2270-2283. https://www.ncbi.nlm.nih.gov/pubmed/30457528 
340. Hwang, J.; Lee, K.; Kim, Y. J., et al., Retrospective Analysis of the Epidemiologic 
Literature, 1990-2015, on Wildlife-Associated Diseases from the Republic of Korea. J Wildl Dis 
2017, 53 (1), 5-18. https://www.ncbi.nlm.nih.gov/pubmed/27705103 

https://www.ncbi.nlm.nih.gov/pubmed/31159210
https://www.cdc.gov/flu/avianflu/wildbirds.htm
https://www.cdc.gov/flu/avianflu/inhumans.htm
https://www.ecdc.europa.eu/sites/default/files/documents/First-identification-human-cases-avian-influenza-A-H5N8-infection.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/First-identification-human-cases-avian-influenza-A-H5N8-infection.pdf
https://www.ncbi.nlm.nih.gov/pubmed/36753673
https://www.ncbi.nlm.nih.gov/pubmed/28956760
https://www.ncbi.nlm.nih.gov/pubmed/22445963
https://www.ncbi.nlm.nih.gov/pubmed/23891310
https://www.ncbi.nlm.nih.gov/pubmed/22363397
https://www.ncbi.nlm.nih.gov/pubmed/34585974
https://www.ncbi.nlm.nih.gov/pubmed/33477472
https://www.mdpi.com/1999-4915/13/2/212
https://www.ncbi.nlm.nih.gov/pubmed/23398949
https://www.ncbi.nlm.nih.gov/pubmed/17158217
https://www.ncbi.nlm.nih.gov/pubmed/36365034
https://www.ncbi.nlm.nih.gov/pubmed/36855861
https://www.ncbi.nlm.nih.gov/pubmed/30457528
https://www.ncbi.nlm.nih.gov/pubmed/27705103


CLEARED FOR PUBLIC RELEASE 
TECHNICAL INFORMATION REGARDING HIGHLY PATHOGENIC AVIAN INFLUENZA (HPAI) 

  57 

341. Fujiwara, M.; Auty, H.; Brown, I., et al., Assessing the Likelihood of High Pathogenicity 
Avian Influenza Incursion Into the Gamebird Sector in Great Britain via Designated Hatcheries. 
Front Vet Sci 2022, 9, 877197. https://www.ncbi.nlm.nih.gov/pubmed/35529831 
342. Gilbert, M.; Xiao, X.; Domenech, J., et al., Anatidae migration in the western Palearctic and 
spread of highly pathogenic avian influenza H5NI virus. Emerg Infect Dis 2006, 12 (11), 1650-6. 
https://www.ncbi.nlm.nih.gov/pubmed/17283613 
343. Desvaux, S.; Nguyen, C. O.; Vu, D. T., et al., Risk of Introduction in Northern Vietnam of 
HPAI Viruses from China: Description, Patterns and Drivers of Illegal Poultry Trade. Transbound 
Emerg Dis 2016, 63 (4), 389-97. https://www.ncbi.nlm.nih.gov/pubmed/25268992 
344. Ip, H. S.; Dusek, R. J.; Bodenstein, B., et al., High Rates of Detection of Clade 2.3.4.4 
Highly Pathogenic Avian Influenza H5 Viruses in Wild Birds in the Pacific Northwest During the 
Winter of 2014-15. Avian Dis 2016, 60 (1 Suppl), 354-8. 
https://www.ncbi.nlm.nih.gov/pubmed/27309079 
345. Ducatez, M. F.; Tarnagda, Z.; Tahita, M. C., et al., Genetic characterization of HPAI 
(H5N1) viruses from poultry and wild vultures, Burkina Faso. Emerg Infect Dis 2007, 13 (4), 
611-3. https://www.ncbi.nlm.nih.gov/pubmed/17553279 
346. Caliendo, V.; Lewis, N. S.; Pohlmann, A., et al., Transatlantic spread of highly pathogenic 
avian influenza H5N1 by wild birds from Europe to North America in 2021. Sci Rep 2022, 12 (1), 
11729. https://www.ncbi.nlm.nih.gov/pubmed/35821511 
347. Shurson, G. C.; Urriola, P. E.; van de Ligt, J. L. G., Can we effectively manage parasites, 
prions, and pathogens in the global feed industry to achieve One Health? Transbound Emerg 
Dis 2022, 69 (1), 4-30. https://www.ncbi.nlm.nih.gov/pubmed/34171167 
348. Wisely, B. B. B. a. S. M., FACTS ABOUT WILDLIFE DISEASES: HIGHLY PATHOGENIC 
AVIAN INFLUENZA (HPAI). https://edis.ifas.ufl.edu/publication/UW502 (accessed June 8 2023). 
349. Dargatz, D.; Beam, A.; Wainwright, S., et al., Case Series of Turkey Farms from the H5N2 
Highly Pathogenic Avian Influenza Outbreak in the United States During 2015. Avian Dis 2016, 
60 (2), 467-72. https://www.ncbi.nlm.nih.gov/pubmed/27309289 
350. Ramey, A. M.; Walther, P.; Link, P., et al., Optimizing Surveillance for South American 
Origin Influenza A Viruses Along the United States Gulf Coast Through Genomic 
Characterization of Isolates from Blue-winged Teal (Anas discors). Transbound Emerg Dis 
2016, 63 (2), 194-202. https://www.ncbi.nlm.nih.gov/pubmed/25056712 
351. Ankhanbaatar, U.; Sainnokhoi, T.; Settypalli, T. B. K., et al., Isolation and Identification of a 
Highly Pathogenic Avian Influenza H5N6 Virus from Migratory Waterfowl in Western Mongolia. J 
Wildl Dis 2022, 58 (1), 211-214. https://www.ncbi.nlm.nih.gov/pubmed/34699593 
352. Bevins, S. N.; Shriner, S. A.; Cumbee, J. C., Jr., et al., Intercontinental Movement of Highly 
Pathogenic Avian Influenza A(H5N1) Clade 2.3.4.4 Virus to the United States, 2021. Emerg 
Infect Dis 2022, 28 (5), 1006-1011. https://www.ncbi.nlm.nih.gov/pubmed/35302933 
353. Seck, B. M.; Squarzoni, C.; Litamoi, J., Experience in control of avian influenza in Africa. 
Dev Biol (Basel) 2007, 130, 45-52. https://www.ncbi.nlm.nih.gov/pubmed/18411935 
354. Abdollahi, H.; Maken Ali, A. S.; Monne, I., et al., Spatial spread and emergence of 
reassortant H5 highly pathogenic avian influenza viruses in Iran. Infect Genet Evol 2020, 83, 
104342. https://www.ncbi.nlm.nih.gov/pubmed/32348876 

 

https://www.ncbi.nlm.nih.gov/pubmed/35529831
https://www.ncbi.nlm.nih.gov/pubmed/17283613
https://www.ncbi.nlm.nih.gov/pubmed/25268992
https://www.ncbi.nlm.nih.gov/pubmed/27309079
https://www.ncbi.nlm.nih.gov/pubmed/17553279
https://www.ncbi.nlm.nih.gov/pubmed/35821511
https://www.ncbi.nlm.nih.gov/pubmed/34171167
https://edis.ifas.ufl.edu/publication/UW502
https://www.ncbi.nlm.nih.gov/pubmed/27309289
https://www.ncbi.nlm.nih.gov/pubmed/25056712
https://www.ncbi.nlm.nih.gov/pubmed/34699593
https://www.ncbi.nlm.nih.gov/pubmed/35302933
https://www.ncbi.nlm.nih.gov/pubmed/18411935
https://www.ncbi.nlm.nih.gov/pubmed/32348876

	Table of Contents
	Foreword
	Introduction
	Key Facts
	Infectious Dose – How much agent will make a healthy individual ill?
	Transmissibility – How does it spread from one host to another? How easily is it spread?
	Host Range – How many species does it infect? Can it transfer from species to species?
	Incubation Period – How long after infection do symptoms appear? Are animals infectious during this time?
	Clinical Presentation – What are the signs of infected individuals?
	Biosurveillance and Clinical Diagnosis – Are there tools to diagnose infected individuals? When during infection are they effective? Are there ongoing surveillance efforts to detect HPAIs?
	Veterinary Medical Countermeasures – Are there effective treatments?
	Human Medical Countermeasures – Are there effective treatments?
	Vaccines – Are there effective vaccines?
	Depopulation / Carcass Disposal – What are safe and effective ways to minimize the spread of HPAI in agricultural settings?
	Viral Persistence and Environmental Stability – How long does the virus live in the environment?
	Decontamination – What are effective methods to kill the agent in the environment?
	Personal Protective Equipment (PPE) – What PPE is effective and who should be using it?
	Genomics – How does the disease agent compare to previous strains?
	Virus Importation – What are the main routes of entry into the United States? Are there effective mitigation strategies to limit HPAI importation?
	Definitions of Commonly Used Acronyms and Names
	References

