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Abstract 

Eight studies of the epidemiological dynamics of avian influenza viruses were 

conducted on poultry in Hong Kong, with special focus on the movement of birds 

through the live poultry marketing system, and the implications for avian influenza 

transmission.  

The first involved analysis of virus isolation data from faecal samples obtained from 

cooperating stalls in live poultry markets in Hong Kong in a routine sampling program 

undertaken between 1999 and 2001. This showed that two subtypes of avian influenza 

viruses, H9N2 and H6N1, have become well established in the Hong Kong live poultry 

markets, especially in chickens (mainly H9N2) and quail (mainly H6N1). In addition, a 

wave of H5N1 virus infection occurred in 2001 after it had been absent through the 

earlier period of the study. 

The second study was an evaluation of long term changes in the marketing systems for 

live poultry in Hong Kong, their likely effects on avian influenza epidemiology, and 

documented evidence of the prevalence of various H subtypes of avian influenza in 

sampling undertaken during three periods from 1975 to 2001.  

The third project involved two cross-sectional studies and one longitudinal study on 

local quail farms in Hong Kong. Results showed that quail could act as a reservoir host 

for H9N2 and H6N1 subtype viruses, but each subtype differed in its epidemiology.   

H9 virus usually infected quail at around 10 days of age, whereas H6 infected quail at 

15-20 days of age. At 35 days of age (usual market age in Hong Kong), a proportion of 

market quail were likely to be susceptible to H6 (50%) and H9 viruses (20%), and 

were able to transmit the virus in the markets. Due to these findings, the Hong Kong 

Government closed the quail farming operations and restricted the sale of quail in live 

poultry markets. 
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A longitudinal study was conducted on three live poultry market stalls to assess the 

time from stall entry to sale, and evaluate the influence of this delay on avian influenza 

virus transmission to other poultry in the same stall. Participating stalls varied from 

high volume/rapid turnover to low volume/slow turnover.  Turnover for tagged 

poultry was rapid, although some chickens became infected with H9 virus before sale. 

Birds which stayed longer, such as quail, became infected and maintained infection in 

the stall.  As well as spread by direct contact and on typical fomites, keeping of pet 

roosters and re-use of washing water were identified as factors increasing the ability of 

avian influenza strains to persist in market stalls.  

An experimental replica of a market stall was created to study the transmission of low 

pathogenic avian influenza virus (H9N2) in a controlled environment, with different 

rates of population turnover and different immune status with respect to both H5 and 

H9 subtypes.  Transmission was influenced by distance between birds, the proportion 

of birds carrying antibody to H9 and the rate of introduction of susceptible birds, but 

not by the use of H5N2 vaccine. 

In order to assess the effectiveness of temporary depopulation of stalls, a study was 

conducted to compare the prevalence of avian influenza virus and Newcastle disease 

virus before and shortly after the monthly rest day in live poultry markets in Hong 

Kong, by virus isolation.  Prevalence of H9N2 avian influenza virus was reduced by 

the rest day, but Newcastle disease virus prevalence was unaffected. 

During the 2002 avian influenza H5N1 outbreak in local chicken farms, a case-control 

study was undertaken to identify risk factors that may have contributed to this outbreak. 

A questionnaire was administered by interview to collect the data for this study. 

Multivariate logistic regression models showed that movement of people and fomites 

from live poultry markets to farms were important influences on transmission, and that 
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the live bird markets were the likely source of virus for farms. 

A spatial stochastic computer model was constructed to predict the spread of avian 

influenza virus in local chicken farms and live poultry markets in Hong Kong, and the 

effectiveness of control measures. The data used in model parameter setting was 

derived from the case-control study. The reference model produced an epidemic curve 

which was similar to the true epidemic curve in the 2002 outbreak. Control strategies 

such as rest day and vaccination were evaluated within the model, and found to 

produce results comparable with field experience. 

Results from these studies clarify various aspects of the epidemiological features and 

transmission dynamics of avian influenza viruses, and provide guidance on appropriate 

control and prevention strategies for highly pathogenic avian influenza viruses within 

poultry marketing systems in Asia.  

 iii



 

 iv 



 

Acknowledgements 

Many people have helped me to complete this project, and I would like to express my 

deepest gratitude to all of them.  

I would like to thank The Wellcome Trust for providing the funding which made this 

project possible. 

I would also like to thank Professor Roger Morris, my chief supervisor, and Professor 

Ken Shortridge and Professor Malik Peiris, my co-supervisors in Hong Kong. They 

combine a range of skills and experience, vision and commitment that are unequalled 

anywhere in the world. I also thank Dr Nigel Perkins, for being my “underground” 

supervisor for several years, providing his personal support and friendship, and for his 

creative insight into analytical epidemiology before he moved to Australia. 

I thank Hong Kong people who worked in the poultry industry, the farmers, the stall 

owners, the brokers and the general public. Their help and co-operation made this 

project run smoothly. 

Thank you to the staff at the EpiCentre, Massey University, especially to Ron Jackson, 

Mark Stevenson, Colleen Blair, Julie Dunlop and Simon Verschaffelt. I also thank the 

staff at the Department of Microbiology, University of Hong Kong, who have been 

most helpful in field sample collection and processing. Special thanks to Thomas Chan 

and Edward Ma who took part in all the stressful sampling work, and would still offer 

their help at the end of the day.   

I thank Dr Les Sims and Dr Trevor Ellis, who worked at the Agriculture, Fisheries and 

Conservation Department of the Hong Kong Government during that time, for their 

invaluable help and guidance. My sincere thanks to Mary, William, Howard, Lucy, 

Kitman, Jeffrey, Thomas, Michael and many staff at the Agriculture, Fisheries and 

Conservation Department (AFCD) and the Food and Environmental Hygiene 

 v



 

Department (FEHD) of the Hong Kong Government. 

Finally, my unreserved love and thanks to my parents who have always believed in me 

and gave me all the love and support they could offer. My husband, Brian, for his love, 

patience and encouragement. My extended family (especially Alice and Larry) for their 

moral support. Thank you all!!! 

 vi 



 

Table of Contents 

ABSTRACT..................................................................................................................................................I 

ACKNOWLEDGEMENTS ........................................................................................................................ V 

NOMENCLATURE ...................................................................................................................................XI 

LIST OF TABLES................................................................................................................................... XIII 

LIST OF FIGURES................................................................................................................................XVII 

CHAPTER 1: INTRODUCTION ................................................................................................................ 1 

CHAPTER 2: LITERATURE REVIEW...................................................................................................... 5 

INTRODUCTION......................................................................................................................................... 7 
THE VIRUSES .......................................................................................................................................... 10 
NATURAL RESERVOIRS............................................................................................................................ 13 
PATHOGENICITY ..................................................................................................................................... 14 
PATHOLOGY............................................................................................................................................ 18 
TRANSMISSION....................................................................................................................................... 20 
AVIAN INFLUENZA IN HONG KONG......................................................................................................... 22 
COMPUTER MODELLING OF DISEASE SPREAD.......................................................................................... 24 
CONCLUSION.......................................................................................................................................... 25 

CHAPTER 3: AFTERMATH OF THE 1997 HONG KONG BIRD FLU OUTBREAK: DESCRIPTIVE 

EPIDEMIOLOGY OF AVIAN INFLUENZA VIRUSES (H5N1, H6N1, H9N2) IN THE LIVE 

POULTRY MARKETS OF HONG KONG SAR (APRIL 1999- MAY 2001) .......................................... 27 

SUMMARY .............................................................................................................................................. 29 
INTRODUCTION....................................................................................................................................... 29 
MATERIALS AND METHODS.................................................................................................................... 31 

Study Population............................................................................................................................... 31 
Laboratory methods.......................................................................................................................... 31 
Statistical analysis ............................................................................................................................ 32 

RESULTS................................................................................................................................................. 32 
Temporal patterns............................................................................................................................. 32 
Species effects ................................................................................................................................... 36 
Species-market interactions.............................................................................................................. 36 

DISCUSSION ........................................................................................................................................... 38 
REFERENCES .......................................................................................................................................... 40 

CHAPTER 4: HISTORICAL DEVELOPMENT OF LIVE POULTRY MARKETS IN HONG KONG: A 

“BREEDING GROUND” FOR AVIAN INFLUENZA VIRUSES? .......................................................... 45 

 vii



 

SUMMARY...............................................................................................................................................47 
INTRODUCTION .......................................................................................................................................47 
INCIDENCES OF AVIAN INFLUENZA IN HONG KONG ................................................................................48 
THE LIVE POULTRY MARKET SYSTEM IN HONG KONG.............................................................................53 

Avian Influenza Viruses in Hong Kong live poultry markets .............................................................59 
DISCUSSION ............................................................................................................................................60 
REFERENCES...........................................................................................................................................62 

CHAPTER 5: EPIDEMIOLOGICAL STUDY OF AVIAN INFLUENZA VIRUSES IN QUAIL FARMS 

IN HONG KONG.......................................................................................................................................67 

SUMMARY...............................................................................................................................................69 
INTRODUCTION .......................................................................................................................................69 
MATERIALS AND METHODS ....................................................................................................................71 

Study population................................................................................................................................71 
Laboratory methods ..........................................................................................................................73 

RESULTS .................................................................................................................................................73 
DISCUSSION ............................................................................................................................................77 
REFERENCES...........................................................................................................................................79 

CHAPTER 6: LONGITUDINAL STUDY OF AVIAN INFLUENZA VIRUSES IN LIVE POULTRY 

MARKET STALLS IN HONG KONG......................................................................................................83 

SUMMARY...............................................................................................................................................85 
INTRODUCTION .......................................................................................................................................85 
MATERIALS AND METHODS ....................................................................................................................87 

Study design: .....................................................................................................................................87 
Virus isolation: ..................................................................................................................................87 
Serology: ...........................................................................................................................................87 

DESCRIPTIVE EPIDEMIOLOGY..................................................................................................................88 
RESULTS .................................................................................................................................................89 

Chicken turnover in the study stalls ..................................................................................................89 
Virus Transmission ............................................................................................................................90 

DISCUSSION ............................................................................................................................................93 
REFERENCES...........................................................................................................................................95 

CHAPTER 7: TRANSMISSION DYNAMICS OF AVIAN INFLUENZA VIRUS (H9N2) IN A 

REPLICA OF THE LIVE POULTRY MARKET STALL ENVIRONMENT............................................99 

SUMMARY.............................................................................................................................................101 
INTRODUCTION .....................................................................................................................................101 
MATERIALS AND METHODS ..................................................................................................................102 

 viii 



 

Virus preparation and titration....................................................................................................... 102 
Chickens ......................................................................................................................................... 102 
Preliminary study to determine challenge dose of virus ................................................................. 102 
Experimental design ....................................................................................................................... 103 
Virus isolation................................................................................................................................. 104 
Serology .......................................................................................................................................... 104 

RESULTS............................................................................................................................................... 104 
Market replica study ....................................................................................................................... 105 

DISCUSSION ......................................................................................................................................... 111 
REFERENCES ........................................................................................................................................ 113 

CHAPTER 8: THE IMPACT OF A MONTHLY “REST-DAY” ON AVIAN INFLUENZA VIRUS 

ISOLATION RATES IN RETAIL LIVE POULTRY MARKETS IN HONG KONG* ........................... 117 

SUMMARY ............................................................................................................................................ 119 
INTRODUCTION..................................................................................................................................... 119 
MATERIALS AND METHODS.................................................................................................................. 120 

Poultry sampling............................................................................................................................. 120 
Virus isolation and subtyping ......................................................................................................... 120 
Data analysis .................................................................................................................................. 121 

RESULTS............................................................................................................................................... 121 
DISCUSSION ......................................................................................................................................... 123 
REFERENCES ........................................................................................................................................ 124 

CHAPTER 9: RISK FACTORS FOR HIGHLY PATHOGENIC AVIAN INFLUENZA VIRUS H5N1 

OUTBREAKS IN CHICKEN FARMS IN HONG KONG SAR DURING 2002*.................................. 127 

SUMMARY ............................................................................................................................................ 129 
INTRODUCTION..................................................................................................................................... 129 
MATERIALS AND METHODS.................................................................................................................. 130 

Study Population............................................................................................................................. 130 
Data collection ............................................................................................................................... 131 
Survey methodology........................................................................................................................ 132 
Virus isolation, subtyping and genotyping...................................................................................... 134 
Spatial analysis............................................................................................................................... 134 
Statistical procedures...................................................................................................................... 136 

RESULTS............................................................................................................................................... 136 
Temporal and spatial pattern of genotypes..................................................................................... 136 
Risk factors for infection of farms................................................................................................... 137 
Multivariate analysis ...................................................................................................................... 139 

DISCUSSION ......................................................................................................................................... 140 

 ix



 

REFERENCES.........................................................................................................................................143 

CHAPTER 10: A SPATIAL AND STOCHASTIC SIMULATION MODEL FOR THE 2002 

OUTBREAK OF AVIAN INFLUENZA H5N1 IN HONG KONG..........................................................145 

SUMMARY.............................................................................................................................................147 
INTRODUCTION .....................................................................................................................................147 
MATERIALS AND METHODS ..................................................................................................................149 

Study population..............................................................................................................................149 
Model description............................................................................................................................150 
Definition of the reference model ....................................................................................................151 
Alternative control strategies ..........................................................................................................152 

RESULTS ...............................................................................................................................................153 
DISCUSSION ..........................................................................................................................................156 
REFERENCES.........................................................................................................................................158 

CHAPTER 11: GENERAL DISCUSSION ..............................................................................................161 

INTRODUCTION .....................................................................................................................................163 
LIVE POULTRY MARKETING SYSTEM – CHAPTER 3 ................................................................................164 
CROSS-SECTIONAL STUDIES - CHAPTERS 4 AND 5 .................................................................................164 
LONGITUDINAL STUDY – CHAPTER 6 ....................................................................................................166 
EXPERIMENTAL STUDY - CHAPTER 7.....................................................................................................167 
CONTROL STRATEGIES- CHAPTERS 8, 9 AND 10.....................................................................................167 
FUTURE RESEARCH ...............................................................................................................................170 
CONCLUSION ........................................................................................................................................171 

REFERENCES .........................................................................................................................................173 

APPENDICES..........................................................................................................................................195 

APPENDIX 1: PROCEDURES FOR DETERMINING THE INTRAVENOUS PATHOGENICITY INDEX (IVPI) ........197 
APPENDIX 2: QUESTIONNAIRE FOR CASE-CONTROL STUDY...................................................................199 

 x 



 

Nomenclature 

AFCD Agriculture, Fisheries and Conservation Department (Hong Kong Government) 
AI Avian influenza 
AIV Avian influenza virus 
CI Confidence intervals 
CSF Classical swine fever 
CSW Cheung Sha Wan (poultry wholesale marker) 

EID50 50% Egg Infectious Dose  

ELISA Enzyme-linked immunosorbent assay 
FEHD Food and Environment Hygiene Department (Hong Kong Government) 
FMD Food-and-mouth disease 
GIS Geographical Information System 
GPS Global Positional System 
HA Haemagglutinin 
HI Haemagglutination-inhibition  
HPAI Highly pathogenic avian influenza 
HPAIV Highly pathogenic avian influenza virus 
HPNAIV Highly pathogenic notifiable avian influenza virus 
IVPI Intravenous pathogenicity index 
LPAI Low pathogenic avian influenza 
LPAIV  Low pathogenic avian influenza virus 
LPM Live poultry market 
M Matrix protein 
NA Neuraminidase 
NDV Newcastle disease virus 
NI Neuraminidase inhibition 
NP Nucleoprotein 
NS Non-structural protein 
OR Odds ratios 
RDE Receptor destroying enzyme 
SAR Special Administrative Region 
SPF Specific pathogen free 
WWM Western Wholesale Market (waterfowl wholesale market) 

 

 xi



 

 xii 



 

List of Tables 

TABLE 2.1. AVIAN INFLUENZA OUTBREAKS AROUND THE WORLD (1959- 2007).........................................8 

TABLE 3.1. GENERAL DESCRIPTIONS OF RETAIL LIVE POULTRY MARKETS ENROLLED IN 

CROSS-SECTIONAL STUDY.................................................................................................................31 

TABLE 3.2. NUMBER AND PERCENTAGE OF H9N2, H6N1 AND H5N1 ISOLATES FROM DIFFERENT 

BIRD TYPES, AGGREGATED TO ANNUAL ESTIMATES..................................................................33 

TABLE 3.3. SUMMARY RESULTS OF DECOMPOSITION FORECAST OF TIME SERIES FOR H9N2 

ISOLATION IN CHICKEN AND QUAIL ...............................................................................................35 

TABLE 3.4. RELATIVE RISK (RR) OF ISOLATION OF H6N1 AND H9N2 CALCULATED FOR DIFFERENT 

BIRD TYPES, USING CHICKENS AS REFERENCE CATEGORY......................................................36 

TABLE 3.5. RELATIVE RISK OF ISOLATION OF H5N1, H6N1 AND H9N2 CALCULATED FOR DIFFERENT 

MARKETS, USING MARKET 9 (M9) AS REFERENCE CATEGORY ................................................37 

TABLE 3.6. RELATIVE RISK (RR) OF ISOLATION OF H9N2 FOR INDIVIDUAL BIRD SPECIES IN 

DIFFERENT MARKETS (M1-M9) BY USING M9 AS REFERENCE CATEGORY ............................37 

TABLE 3.7. RELATIVE RISK (RR) OF ISOLATION OF H6N1 FOR INDIVIDUAL BIRD SPECIES IN 

DIFFERENT MARKETS (M1-M9) BY USING M9 AS A REFERENCE CATEGORY.........................38 

TABLE 4.1. TEMPORAL PATTERN OF AVIAN INFLUENZA VIRUSES (H5N1, H6N1 AND H9N2) IN LIVE 

POULTRY MARKETING SYSTEM IN HONG KONG SAR FROM 1997 TO 2003.............................50 

TABLE 4.2. COMPARISON OF AVIAN INFLUENZA VIRUS PREVALENCE (H5, H6, H9 SUBTYPES) FOR 

1975-1979, 1997 AND 1999-2001............................................................................................................59 

TABLE 5.1. H6 AND H9 VIRUS ISOLATION TEST RESULTS FROM TRACHEAL AND CLOACAL SWABS 

TAKEN FROM QUAIL OF VARIOUS AGES DURING A CROSS-SECTIONAL STUDY (STUDY 1) 

OF 6 QUAIL FARMS IN HONG KONG.................................................................................................72 

TABLE 5.2. H6 AND H9 VIRUS SUBTYPE ISOLATIONS FROM TRACHEAL, CLOACAL AND FAECAL 

SWABS AND SEROLOGY TEST RESULTS FROM GROUPS OF QUAIL OF VARIOUS AGES 

DURING A CROSS-SECTIONAL STUDY (STUDY 2) CONDUCTED ON A QUAIL FARM IN 

HONG KONG ..........................................................................................................................................72 

TABLE 5.3. H6 AND H9 VIRUS SUBTYPE ISOLATIONS FROM TRACHEAL, CLOACAL AND FAECAL 

SWABS, AND BLOOD, PLUS SEROLOGY  RESULTS FROM QUAIL SAMPLED AT 

PROGRESSIVE AGES ON A LOCAL QUAIL FARM IN HONG KONG (STUDY 3)..........................76 

TABLE 6.1. POULTRY SPECIES IN EACH STUDY STALL AND THEIR DAILY STOCK NUMBER 

 xiii



 

(AVERAGED BY THE DAYS UNDER OBSERVATION) INCLUDING THE NUMBER OF 

CARRY-OVER STOCK, NEW ADD-IN STOCK, AND NUMBER OF POULTRY SOLD....................90 

TABLE 6.2. NUMBER OF BANDED CHICKENS KILLED PER DAY (TURNOVER RATE) IN EACH STUDY 

STALL......................................................................................................................................................90 

TABLE 6.3. VIRUS ISOLATION AND SEROLOGY RESULTS FOR THE 50 TAGGED CHICKENS DURING 4 

DAYS STAY IN STALL 1 ........................................................................................................................91 

TABLE 6.4. VIRUS ISOLATION RESULTS FOR SAMPLES TAKEN FROM STALL 1 DURING 4 DAY 

SAMPLING..............................................................................................................................................91 

TABLE 6.5. VIRUS ISOLATION AND SEROLOGY RESULTS FOR THE 50 BANDED CHICKENS DURING 3 

DAYS STAY IN STALL 2 ........................................................................................................................92 

TABLE 6.6. VIRUS ISOLATION RESULTS FOR SAMPLES TAKEN FROM STALL 2 DURING 3 DAY 

SAMPLING..............................................................................................................................................92 

TABLE 6.7. VIRUS ISOLATION AND SEROLOGY RESULTS FOR THE 50 BANDED CHICKENS DURING 3 

DAYS STAY IN STALL 3 ........................................................................................................................93 

TABLE 6.8. SEROLOGY RESULTS FOR SAMPLES TAKEN FROM UNTAGGED CHICKENS IN STALL 3 .....93 

TABLE 7.1 STUDY DESIGN FOR THE REPLICA MARKET STUDY..................................................................103 

TABLE 7.2 VIRUS ISOLATION AND SEROLOGY IN THE PRELIMINARY EXPERIMENTAL INFECTION 

STUDY...................................................................................................................................................105 

TABLE 7.3. SUMMARY OF VIRUS LOAD AND IMMUNE STATUS OF CHICKENS IN THREE STALLS AT 

THE START OF THE EXPERIMENT...................................................................................................106 

TABLE 7.4. STATISTICAL SUMMARY FOR THE LENGTH OF TIME CHICKENS STAYED IN EACH STALL 

AND TIME TO BECOME INFECTED .................................................................................................107

TABLE 8.1. ISOLATION RATES OF H9N2 VIRUSES BEFORE AND AFTER THE REST-DAY.........................121 

TABLE 8.2. ISOLATION RATES OF NDV VIRUSES BEFORE AND AFTER THE REST-DAY..........................122 

TABLE 9.1. LIST OF FACTORS COVERED IN THE CASE-CONTROL STUDY QUESTIONNAIRE................133 

TABLE 9.2. DATE OF IDENTIFICATION OF H5N1 INFECTION, FARM LOCATION AND GENOTYPES FOR 

ALL INFECTED FARMS ......................................................................................................................137 

TABLE 9.3. DESCRIPTIVE ANALYSIS OF FARM AREA, STANDING POPULATION OF CHICKENS AND 

NUMBER OF SHEDS ...........................................................................................................................137 

TABLE 9.4. RESULTS OF UNIVARIATE ANALYSIS OF RISK FACTORS FOR AVIAN INFLUENZA VIRUS 

 xiv 



 

H5N1 INFECTION AMONG CHICKEN FARMS ................................................................................138 

TABLE 9.5. COMPARISON OF DIFFERENT MULTIVARIATE MODELS ...........................................................139 

TABLE 10.1. DETAILS OF PARAMETERS SETTING USED IN INTERSPREAD PLUS TO DEFINE THE 

REFERENCE STRATEGY IN SPATIAL AND STOCHASTIC SIMULATION OF AVIAN 

INFLUENZA H5N1 OUTBREAK IN HONG KONG SAR, FEB - MAR 2002 ....................................152 

TABLE 10.2. PREDICTED NUMBER OF AI-INFECTED FARMS AND LIVE POULTRY MARKETS BY 

SIMULATION MODELS FOR 2002 H5N1 OUTBREAK IN HONG KONG ......................................155 

 

 

 xv



 

 xvi 



 

List of Figures 

FIGURE 3.1. TEMPORAL PATTERNS OF CUMULATIVE INCIDENCE FOR H9N2, H6N1 AND H5N1 IN 

CHICKEN, PHEASANT, QUAIL AND SILKY CHICKEN AT THREE MONTHLY INTERVALS. (C: 

CHICKEN, PH: PHEASANT, Q: QUAIL, SC: SILKY CHICKEN)......................................................34 

FIGURE 3.2. FORECAST AND ACTUAL PREVALENCE PLOTS FOR CHICKEN (FIG.2A) AND QUAIL 

(FIG.2B) AT THREE MONTHLY INTERVALS STARTING WITH SEASON NUMBER 2 (APRIL 

TO JUNE 1999) ......................................................................................................................................35 

FIGURE 4.1. LIVE POULTRY MARKETING SYSTEM IN HONG KONG PRIOR AND DURING 1997..............54 

FIGURE 4.2 LIVE POULTRY MARKETING SYSTEM IN HONG KONG POST 1997 H5N1 OUTBREAK .........56 

FIGURE 5.1. VIRUS ISOLATION AND SEROLOGICAL TEST RESULTS FROM THE CROSS-SECTIONAL 

STUDY ON ONE LOCAL QUAIL FARM IN HONG KONG (STUDY 2)...........................................75 

FIGURE 5.2. VIRUS ISOLATION AND SEROLOGICAL TEST RESULTS FOR THE LONGITUDINAL STUDY 

ON ONE LOCAL QUAIL FARM IN HONG KONG (STUDY 3).........................................................77 

FIGURE 6.1. SURVIVAL CURVE (WITH 95% CONFIDENCE LIMITS) FOR TAGGED CHICKENS 

BECOMING INFECTED WITH H9 VIRUSES IN STALL 1................................................................91 

FIGURE 7.1 SPATIAL LOCATION OF CAGES IN THE REPLICA MARKET. EXPERIMENTALLY INFECTED 

BIRDS PLACED IN CAGE 3 ..............................................................................................................103 

FIGURE 7.2. SURVIVAL CURVES FOR CHICKENS WHICH EXPERIENCED THE EVENT (INFECTED WITH 

H9 VIRUSES) IN EACH STALL.........................................................................................................108 

FIGURE 7.3 COMPARISON OF VIROLOGICAL PREVALENCE (3A) AND PERCENTAGE OF H9 ANTIBODY 

(3B) FOR EACH STALL DURING THE 21 DAY SAMPLING PERIOD ..........................................109 

FIGURE 7.4 PREVALENCE OF H9 VIRUSES ISOLATED FROM CAGES 1 TO 7 DURING 21 DAY STUDY 

PERIOD................................................................................................................................................110 

FIGURE 8.1. COMPARISON OF H9N2 ISOLATION RATE BEFORE/AFTER “REST-DAY” AT DIFFERENT 

MARKETS (M1-M8) DURING JUL-SEP 2001 ..................................................................................122 

FIGURE 8.2. COMPARISON OF NDV ISOLATION RATE BEFORE AND AFTER THE REST-DAY AT 7 

MARKETS DURING JUL-SEP 2001 ..................................................................................................123 

FIGURE 9.1 LOCATIONS OF CHICKEN FARMS IN THE NEW TERRITORIES, HONG KONG, SAR, CHINA135 

FIGURE 10.1 EPIDEMIC CURVE FOR THE 2002 H5N1 OUTBREAK IN HONG KONG, SAR, CHINA ...........153 

FIGURE 10.2 PREDICTIVE EPIDEMIC CURVES GENERATED BY THE REFERENCE MODEL....................154 

 xvii



 

FIGURE 10.3 NUMBERS OF INFECTED PREMISES (FARMS AND MARKETS) PREDICTED BY THE 

MODEL WITH THE IMPLEMENTATION OF ONE REST DAY AT DIFFERENT TIMES AFTER 

INFECTION ENTERS THE POPULATION .....................................................................................155 

FIGURE 10.4 NUMBERS OF INFECTED PREMISES (FARMS, MARKETS) PREDICTED BY THE MODEL 

WITH SUSCEPTIBLE POPULATION AT DIFFERENT LEVEL OF IMMUNITY 

(SUSCEPTIBILITY TO INFECTION) ..............................................................................................156 

 xviii 



 

 

 
 
 
 
 

Chapter 1: Introduction 

 1



 

 2 



 

Introduction 

Avian influenza viruses are ubiquitous in the wild bird population, especially in wild 

aquatic birds. They cause disease in domestic poultry at varying levels of severity 

according to the strain of virus involved. Strains are classified into low and high 

pathogenic types depending on the severity of diseases which they cause. However 

viruses may move between the two categories due to mutation or genetic reassortment.  

Implementation of effective control measures must be preceded by appropriate 

epidemiological studies, and the live poultry marketing system which operates in Hong 

Kong provides a suitable model situation in which to examine the complex 

epidemiological relationships which influence transmission of both low and highly 

pathogenic avian influenza viruses, and the impact of control measures.  

This thesis reports the results of studies conducted to investigate the epidemiology of 

avian influenza viruses in Hong Kong, in particular in the live poultry marketing 

system.  

The thesis begins with a literature review in Chapter 2, followed by a series of chapters 

each representing a paper submitted or to be submitted for publication to a peer 

reviewed journal.  

Chapter 3 presents results of descriptive and analytical studies on repeated sampling of 

market stalls for avian influenza viruses between 1999 and 2001, to understand patterns 

in the occurrence of avian influenza viruses in the Hong Kong live poultry markets. 

Chapter 4 describes the Hong Kong live poultry marketing system before and after the 

H5N1 outbreak in 1997, when the complete poultry industry was depopulated, and 

evaluates the impact of the changes which were made in the marketing arrangements.  

Chapter 5 presents descriptive results of virus isolation and serology for local quail 

farms, using data derived from two cross-sectional studies and one longitudinal study.  

Chapter 6 is a longitudinal study of bird movement through three commercial market 

stalls, and the dynamics of avian influenza viruses within these stalls. 

Chapter 7 presents the results of an experimental study in which a replica of a market 

stall was established and transmission of H9N2 virus was investigated under various 

epidemiological circumstances.  
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Chapter 8 compares the prevalence of avian influenza H9N2 and Newcastle disease 

virus before and after the “rest day” in retail live poultry markets, when all stalls are 

depopulated and cleaned. 

Chapter 9 presents results of multivariate logistic regression analyses in a nested 

case-control design, to investigate risk factors associated with an outbreak of highly 

pathogenic avian influenza H5N1. 

Chapter 10 describes the use of a spatial stochastic computer model (InterSpread Plus) 

to investigate disease spread by comparing model predictions with the actual events of 

the 2002 H5N1 outbreak in Hong Kong, and evaluate the effectiveness of various 

control measures. 

The thesis concludes with a general discussion (Chapter 11). References cited in the 

literature review and general discussion are listed at the end of the thesis, while those 

cited in chapters 3 to 10, are listed at the end of each chapter.  

Appendix 1 describes the method used to conduct the intravenous pathogenicity test for 

avian influenza viruses and determine the intravenous pathogenicity index (IVPI) and 

Appendix 2 provides the questionnaire used in Chapter 9 for data collection. 
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Introduction 
The earliest evidence of avian influenza in poultry dates back to 1878 when highly 

pathogenic avian influenza was initially recognised as an infectious disease of  

chickens in Italy, and called ‘fowl plague’ by Perroncito (Alexander, 1986). In 1901, 

Centanni and Savonuzzi identified a filtrable agent responsible for causing the disease, 

but it was not until 1955 that Schäfer characterised these agents as influenza A viruses 

(Alexander, 1986). Wild water birds are the natural reservoir hosts of avian influenza 

viruses, and in these species infection typically causes little or no disease because 

influenza A viruses co-exist in almost perfect balance with the hosts (Alexander, 2000; 

Webster et al., 1992). 

When an avian influenza virus (usually of subtype H5 or H7) is transmitted from 

reservoir hosts to highly susceptible poultry species such as chickens and turkeys, 

generally it initially induces only mild disease, termed low pathogenic avian influenza 

(LPAI). However, in cases where the particular poultry species supports several 

sequential cycles of infection, these strains may undergo a series of mutation events 

resulting in adaptation to their new hosts, and the virus may switch into a highly 

pathogenic form (highly pathogenic avian influenza, HPAI). HPAI viruses induce 

overwhelming and rapidly fatal systemic disease in the susceptible poultry species.  

HPAI in poultry is characterised by sudden onset, severe illness of short duration, and 

mortality approaching 100 % in susceptible species. Due to heavy commercial losses to 

the poultry industry, HPAI attracts considerable attention. Because of their potential to 

give rise to HPAI viruses, LPAI viruses of subtypes H5 and H7 are also notifiable 

disease agents at international level (OIE, 2004). Table 2.1 lists the outbreaks of HPAI 

around the world since 1959. 
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Table 2.1. Avian influenza outbreaks around the world (1959- 2007). 
 
Year Country Animal affected Subtype 
1959 Scotland Chickens H5N1 
1963 England Turkeys H7N3 
1966 Canada Turkeys H5N9 
1976 Australia Chickens, ducks H7N7 
1979 Germany Chickens, geese H7N7 
1979 England Turkeys H7N7 
1983-85 USA Chickens, turkeys (partridges, 

guinea fowls) 
H5N2 

1983 Ireland Turkeys H5N8 
1985 Australia Chickens H7N7 
1991 England Turkeys H5N1 
1992 Australia Chickens, ducks H7N3 
1994-95 Mexico Chickens H5N2 
1995 Australia Chickens H7N3 
1995 Pakistan Chickens H7N3 
1997 Hong Kong Chickens, various land-base 

poultry and waterfowls 
H5N1 

1997 Australia Chickens, emus H7N4 
1997 Italy Chickens, various land-base 

poultry 
H5N2 

1999-2000 Italy Chickens H5N2 
2002 Chile  H7N3 
2002-2006 Asia, Europe, Middle East, 

Africa 
 

Chickens, various land-based 
poultry, waterfowl, wild 
(including migratory) birds 

H5N1 

2003 Netherlands Chickens H7N7 
2004 Canada Chickens H7N3 
2004 USA Chickens H5N2 
2004 South Africa Ratites, chickens H5N2 
2004- 2007 China Chickens, ducks H5N1 
2004-2007 Hong Kong Wild birds H5N1 
2004 Cambodia, Thailand Poultry H5N1 
2004-2006 Indonesia Poultry H5N1 
2005-2006 Croatia Swans H5N1 
2006 Demark Swans, buzzards H5N1 
2006 Egypt Chickens H5N1 
2006 Greece Wild birds H5N1 
2006-2007 France, Germany Wild ducks, wild birds H5N1 
2006-2007 Czech Republic, Hungary, 

India 
Chickens H5N1 

2007 Turkey Chickens, ducks, turkeys, pigeons H5N1 
2007 United Kingdom Turkeys H5N1 
2007 Korea, Laos, Thailand, Vietnam Ducks H5N1 
2007 Kuwait, Saudi Arabia Ostrich H5N1 
2007 Afghanistan, Bangladesh, 

Cambodia, Czech Republic, 
Malaysia, Russia, Pakistan, 
Laos 

Chickens H5N1 

2007 Japan Wild birds H5N1 
2007 Hungary Geese H5N1 
2007 Canada Backyard poultry H7N3 
Updated information on OIE website: 
http://www.oie.int/downld/AVIAN%20INFLUENZA/A_AI-Asia.htm 
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Studies conducted on avian influenza in southern China before 1997 showed this region 

to be an “epicentre” of avian influenza viruses due to the special features of human and 

animal life in Hong Kong and southern regions of China (Shortridge and Stuart-Harris, 

1982).  

In 1997, HPAI H5N1 appeared in Hong Kong poultry farms causing high mortality in 

chickens (Shortridge, 1999; Shortridge, Peiris, and Guan, 2003; Sims et al., 2003). 

Although up to that point it had caused very high mortality in poultry when outbreaks 

occurred, it did not raise health concerns with regard to the human population. It was 

believed that a transmission barrier existed which prevented avian viruses from causing 

human disease due to the different surface receptors required for cell entry by avian and 

human influenza viruses. The widely accepted concept was that through co-infections 

with both avian and human viruses the pig can act as a transitional host (the “mixing 

vessel”) for interspecies transmission, and reassortant viruses formed in this process 

could cause disease in human beings (Scholtissek et al., 1983). It was not until the first 

human cases of serious (and in a third of cases fatal) H5N1 infections (A/HK/156/97) 

were discovered during the course of an HPAI H5N1 outbreak in the poultry population 

of Hong Kong in 1997 that scientists realised that avian influenza viruses could in some 

cases cross the species barrier directly from birds, infecting human beings and causing 

death (Claas et al., 1998; Subbarao et al., 1998; Yuen et al., 1998).  

Since then, avian influenza has received world-wide attention, as the highly pathogenic 

H5N1 virus progressively spread to poultry and wild bird populations across Asia, 

Africa, the Middle East and Europe, and unexpectedly ‘traversed inter-class barriers’ 

(FAO, 2006; Perkins and Swayne, 2003) when transmitted from birds to mammals such 

as humans, pigs and cats (FAO, 2006; Kuiken et al., 2004; WHO, 2005). Although not 

an entirely unexpected event (Hayden and Croisier, 2005; Koopmans et al., 2004), the 

substantial number of documented human cases associated with severe disease and 

fatalities raised serious concerns about the pandemic potential of the H5N1 strain 

(Webster et al., 2006). 

Results of virological surveillance conducted in Hong Kong live poultry markets before 

the depopulation in 1997 showed that several subtypes of avian influenza viruses were 

co-circulating with the H5N1 viruses during that time. Phylogenetic analysis of two of 

the most commonly isolated viruses (H9N2 and H6N1) showed that these two viruses 

are closely related to the 1997 H5N1 virus (Guan et al., 2000; Hoffmann et al., 2000). 
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There were no more avian or human H5N1 viruses isolated after the re-population of 

poultry in Hong Kong in 1998 but H9N2 and H6N1 were still continuously isolated 

from live poultry markets and local poultry farms. Even with the tighter control 

measures implemented by the authorities since 1998, outbreaks of H5N1 infection still 

occurred in Hong Kong between 2001 and 2004. All of the incidents can be attributed to 

the method of operation of the live poultry marketing system in Hong Kong (Sims et al., 

2003). In order to effectively control avian influenza at its source and prevent further 

human infection, it is therefore essential to develop a sound understanding of the 

epidemiology of avian influenza viruses in the Hong Kong live poultry marketing 

system. 

The viruses 

Influenza A virus is roughly spherical (approximately 120 nm in diameter) with an 

external envelope. It contains a single negative stranded RNA genome divided into eight 

segments, encoding 10 proteins. They are haemagglutinin (HA), neuraminidase (NA), 

nucleoprotein (NP), polymerases (PA, PB1, PB2), matrix proteins (M1, M2) and 

non-structural proteins (NS1 and NS2). Influenza viruses belong to the family 

Orthomyxoviridae and are classified into types A, B or C based on antigenic differences 

of the NP and M1 (Webster et al., 1992; Wright and Webster, 2001).  All avian 

influenza viruses belong to type A. Further subtyping of influenza A viruses is based on 

the antigenicity of two transmembrane glycoproteins on the surface of virions. They are 

the haemagglutinin (H or HA) and the neuraminidase (N or NA) glycoproteins which 

are currently separated into sixteen H (H1 – H16) and nine N (N1 – N9) antigenic 

subtypes (Kawaoka et al., 1990; Fouchier et al., 2005; Hinshaw et al., 1982; Rohm et al., 

1996). They are both capable of eliciting subtype-specific immune responses which are 

fully protective within subtypes, but only partially protective across different subtypes.  

The HA is the major surface antigen of the virion. It is rod shaped (a globular head and 

a stalk) which protrudes from the envelope as a trimer (Wilson, Skehel, and Wiley, 

1981). It must be cleaved before the virus can infect a cell. Uncleaved HA is called HA0 

which consists of two subunits, HA1 and HA2, connected by disulfide linkages. The 

head is made of HA1 and contains the receptor-binding cavity as well as most of the 

antigenic sites of the molecule, and is responsible for its haemagglutinating activity 

(Hirst, 1941). The stalk consists of all of HA2 and part of HA1. Due to error-prone viral 
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RNA polymerase activity, HA is subject to a very high rate of mutation, estimated at 

about one base substitution in the HA gene per virus generation (Webster et al., 1992).  

NA is a mushroom-shaped tetramer which is the second major surface protein of the 

virion. It exerts sialolytic enzymatic activity and liberates virus progeny captured at the 

surface of infected cells during egress. This function prevents viral aggregation during 

egress, and possibly also facilitates the movement of the virus through the mucus layers 

overlying the targeted epithelial tissues of the host, leading to viral attachment 

(Matrosovich et al., 2004b). This renders the neuraminidase as a target of antiviral 

agents (Garman and Laver, 2004). NA is not evenly distributed over the virion envelope, 

as is HA, but are aggregated into patches or caps. Like HA, NA is also highly mutable, 

with variant selection partly in response to host immune pressure. In addition to HA and 

NA, a limited number of M2 proteins are integrated into the virion envelope functioning 

as a proton channel in relation to virus particle formation and virus uncoating (Zebedee 

and Lamb, 1988; McCown and Pekosz, 2006).  

Attachment to cell surface proteins is achieved by the virion through mature trimerised 

viral HA glycoproteins. These recognise distinct terminal sialic acid species (N-acetyl- 

or N-glycolylneuraminic acid), the type of glycosidic linkage to penultimate galactose 

(α2-3 or α2-6) and the composition of further inner fragments of sialyloligosaccharides 

present at the host cell surface (Gambaryan et al., 2005). A variety of different 

sialyloligosaccharides are expressed, which influence tissue and species specificity in 

the different hosts of influenza viruses. Adaptation in both the viral HA and the NA 

glycoprotein to the specific receptor type(s) of a particular host species is a prerequisite 

for efficient replication (Banks et al., 2001; Gambaryan et al., 2004; Matrosovich, 

Krauss, and Webster, 2001). Avian influenza viruses generally show the highest 

affinities for α2-3 linked sialic acid as this is the dominant receptor type in epithelial 

tissues of endodermic origin (gut, lung) in those birds that are targeted by these viruses 

(Gambaryan et al., 2005; Kim, Ryu, and Seo, 2005). Human-adapted influenza viruses, 

in contrast, primarily access α2-6 linked residues which predominate on non-ciliated 

epithelial cells of the human airway (Couceiro, Paulson, and Baum, 1993). These 

receptor predilections represent part of the species barrier preventing transmission of 

avian viruses to humans (Suzuki, 2005). Pigs carry receptors for both α2-6 and α2-3 

linkage and are postulated to act as transitional hosts which assist in selection of strains 

which can replicate in cells with the alternative receptor type (Ito et al., 1998; Peiris et 
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al., 2001). In recent years, research showed that human airway ciliated epithelium cells 

have the receptors for α2-3 linkage sialic acids at lower density (Matrosovich et al., 

2004a), and also that chicken and quail cells carry human-type sialyl receptors (α2-6 

linkage) (Gambaryan, Webster, and Matrosovich, 2002; Kim, Ryu, and Seo, 2005; Wan 

and Perez, 2006). These findings explains the ability of H5 viruses to replicate in human 

beings despite their avian virus-like receptor specificity, and add to the possibility that 

chicken and quail could act as transitional hosts for the transmission of influenza viruses 

from aquatic birds to human beings. 

The antigenicity of influenza viruses changes both gradually by point mutation 

(antigenic drift) and drastically by genetic reassortment (antigenic shift) (Wright and 

Webster, 2001).  Due to the replication method of RNA viruses, influenza A viruses are 

constantly producing “quasi-species swarms” of viral particles, which show varying 

degrees of genetic fitness (Baranowski, Ruiz-Jarabo, and Domingo 2001).  Where 

selective pressures (such as neutralising antibodies, suboptimal receptor binding or 

chemical antivirals) act during viral replication on a host or population scale, mutants 

(especially with regard to antigenic determinants of HA and NA) which have 

corresponding selective advantages (e.g. escape from neutralisation, reshaped 

receptor-binding units) may be singled out and become the dominant variant within the 

spectrum of viral quasi-species in that host or population (Ferguson, Galvani, and Bush, 

2003).  

Antigenic shift, in contrast, denotes a sudden and profound change in antigenic 

determinants, i.e. a switch of H and/or N subtypes, within a single replication cycle. 

This occurs in a cell which is simultaneously infected by two or more influenza A 

viruses of different subtypes. Since the distribution of replicated viral genomic segments 

into budding virus progeny occurs independently from the subtype origin of each 

segment, replication-competent progeny carrying genetic information of different 

parental viruses (so-called reassortants) may spring up (Webster and Hulse, 2004), and 

show substantial differences from progenitor viruses in their epidemiological behaviour. 

Recirculation of existing subtypes is another form of antigenic shift in the susceptible 

population. Evidence for this theory comes from seroepidemiological studies of 

antibody to influenza viruses in sera taken at different times from subjects of different 

ages in population. Antibody to a human influenza A subtype was often found in the 

sera of elderly persons taken years before the appearance the appearance of the same 
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subtype as a cause of pandemic infection. It was suggested that all influenza A subtypes 

exist in nature, and emerge when the antibody status of the population has fallen to 

levels which allow new infection (Kilbourne et al., 1990). In this kind of antigenic shift, 

influenza viruses exploit different strategies to escape immune surveillance, including 

the introduction of mutations in cytotoxic T-lymphocyte (CTL) epitopes (Voeten et al., 

2000). A third mechanism for antigenic shift is the gradual adaptation of animal 

influenza viruses (avian especially) to human transmission. There is now evidence that 

this might have happened in the 1918 pandemic that the pandemic virus was directly 

descended from an avian ancestor (Taubenberger et al., 2005) 

The conventional nomenclature for influenza virus isolates requires connotation of the 

influenza virus type, the host species (omitted in the case of human origin), the 

geographical site where the virus isolate was obtained, serial number used by the 

laboratory as sample identification, and year of isolation. For influenza virus type A, the 

haemagglutinin and neuraminidase subtypes are added in brackets. 

Natural reservoirs 

Influenza A viruses infect a wide range of animals including human beings (Webster et 

al., 1981a), pigs (Scholtissek et al., 1983), horses (Sovinova et al., 1958), sea mammals 

(Webster et al., 1981b), dogs (Crawford et al., 2005) and birds. Wild aquatic birds, 

notably members of the orders Anseriformes (ducks and geese) and Charadriiformes 

(gulls and shorebirds), are carriers of the full variety of influenza virus A subtypes, and 

thus, most probably constitute the natural reservoir of all influenza A viruses (Fouchier 

et al., 2003; Krauss et al., 2004; Webster et al., 1992; Widjaja et al., 2004). In aquatic 

birds, influenza viruses replicate preferentially in the intestinal tract, which results in the 

faecal excretion of viruses in high titre. It is the faecal-oral route of transmission that 

constitutes the major mechanism of influenza virus dissemination among aquatic birds 

(Webster et al., 1978). Avian influenza A viruses generally do not cause disease in their 

natural hosts. Instead, the viruses remain in an evolutionary stasis, as molecularly 

signalled by low N/S (non-synonymous vs. synonymous) mutation ratios indicating 

purifying evolution (Gorman, Bean, and Webster, 1992; Taubenberger, 2005). Host and 

virus seem to exist in a state of well balanced mutual tolerance, clinically demonstrated 

by absence of disease and efficient viral replication. Large quantities of virus of up to 

108.7 EID50 (50% egg-infective dose) per gram of faeces can be excreted from ducks 

(Webster et al., 1978).  
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Studies of each gene segment in avian influenza viruses have revealed two 

geographically separate lineages, the Eurasian and the American ones (Donis et al., 

1989), indicating that birds migrating between the Northern and Southern Hemispheres 

play a key role in the transmission of avian influenza viruses. Influenza viruses in 

aquatic birds appear to be approaching or to have reached an optimal state of adaptation, 

in which amino acid changes provide no selective advantage (Gorman et al., 1991). 

These observations, together with the fact that aquatic birds infected with influenza 

viruses rarely show disease signs, indicate that influenza viruses have achieved 

evolutionary equilibrium in these birds, which are the natural reservoir. 

Pathogenicity 

Pathogenicity as a general viral property in influenza A viruses is a polygenic trait and 

depends largely on an ‘optimal’ gene constellation affecting host and tissue tropism, 

replication efficacy and immune evasion mechanisms amongst others. In addition, host- 

and species-specific factors contribute to the outcome of infection, which, after 

interspecies transmission, is therefore unpredictable.  

While all bird species are thought to be susceptible to influenza virus infection, some 

domestic poultry species, such as chickens, turkey, quail, guinea fowl, and pheasants, 

are known to be especially vulnerable to the sequelae of infection, although pigeons are 

less susceptible to avian influenza virus infection (Perkins and Swayne, 2002). The 

severity of disease depends on multiple factors including the virulence of the virus, the 

immune status and diet of the host, concurrent bacterial/viral infections, and 

environmental stresses imposed on the host. Depending on their pathogenicity in 

chickens and turkeys, avian influenza viruses are classified as low pathogenic (causing 

no or mild clinical signs) or highly pathogenic (causing severe systemic disease). The 

major determinant of the difference in virulence between the two groups of viruses is 

suspectibility of the HA to different cellular proteases which cleave the HA0 into HA1 

and HA2 (Webster and Rott, 1987), and hence allow cell invasion to proceed. Low 

pathogenic viruses are cleaved by cellular proteases which are present in only a limited 

range of body cells, while highly pathogenic viruses are cleaved by cellular proteases 

which are present in a much wider range of cell types, throughout the body. Nucleotide 

sequencing studies have shown that most HPAI viruses share a common feature in their 

HA genes which can serve, in poultry, as a virulence marker (Perdue, Garcia, and Senne, 

1997; Perdue and Suarez, 2000; Senne et al., 1996; Webster et al., 1992). In order to 

 14



 

gain infectivity, influenza A virions must incorporate HA proteins which have been 

endoproteolytically processed from a HA0 precursor to a disulphide linked HA1, HA2 

dimer (Chen et al., 1998). The newly created HA2 subunit initiates the penetration 

process of viral genomic segments into the host cell cytoplasm. The cleavage site of the 

HA of low pathogenic viruses is composed of two basic amino acids at positions -1/-4 

(H5) and -1/-3 (H7) (Wood et al., 1993). These sites are accessible to tissue-specific 

trypsin-like proteases which are preferentially expressed at the surface of respiratory 

and gastrointestinal epithelia. Therefore, efficient replication of LPAI viruses is 

believed to be largely confined to these sites, at least in their natural hosts. In contrast, 

the cleavage site of HPAI viruses generally contains additional basic amino acids 

(arginine and/or lysine) which render it processible by subtilysin-like endoproteases 

specific for a minimal consensus sequence of -R-X-K/R-R- (Horimoto et al., 1994; Rott 

et al., 1995). Proteases of this type (e.g. furin, proprotein-convertases) are active in 

virtually every tissue throughout the body. Therefore, viruses carrying these mutations 

have an advantage for replicating unrestrictedly in a systemic manner. This process has 

been documented in the field on several occasions. In Italy, for example, an LPAI H7N1 

virus circulated for several months in the turkey and chicken populations before, in 

December 1999, an HPAI H7N1 virus, distinguishable from its precursor only by its 

polybasic cleavage site, emerged and caused devastating disease (Capua et al., 2000). 

Distinctions between high and low pathogenic AI viruses have been defined and 

constantly updated by the World Organisation for Animal Health (OIE, 2004). An 

isolate is classified as a highly pathogenic notifiable avian influenza by one of the 

following methods: 1) any influenza virus that is lethal for more than six of eight 4- to 

8-week-old susceptible chickens within 10 days following intravenous inoculation with 

0.2 ml of a 1/10 dilution of a bacteria-free, infective allantoic fluid, or, 2) any virus that 

has an intravenous pathogenicity index (IVPI) greater than 1.2 (see procedure in 

Appendix 1). For all H5 and H7 viruses of low pathogenicity in chickens, the amino 

acid sequence of the connecting peptide of the haemagglutinin must be determined. If 

the sequence is similar to that observed for known highly pathogenic AI isolates, the 

isolate being tested will be considered to be highly pathogenic.  

The US Department of Agriculture’s Animal and Plant Health Inspection Service 

(USDA-APHIS) has similar criteria for defining an influenza virus as highly pathogenic 

if it meets one of the following criteria: 1) kills at least six of eight experimentally 
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inoculated susceptible 4-to 6-week-old chickens, 2) any H5 or H7 subtype that kills less 

than six of eight chickens, but has an amino acid sequence at the HA cleavage site that 

is compatible with HPAI viruses; 3) any other HA subtype (non-H5, non-H7) which 

kills one to five chickens and grows in cell culture in the absence of trypsin.  

Low pathogenic avian influenza viruses (LPAIV), in general, only cause a slight and 

transient decline in egg production in layers or some reduction in weight gain in 

growing poultry (Capua et al., 2000). The highly pathogenic form of avian influenza has 

been caused to date by influenza A viruses of the H5 and H7 subtypes exclusively. 

However, only a few representatives of the H5 and H7 subtypes in fact display a highly 

pathogenic biotype (Swayne and Suarez, 2000). Usually, H5 and H7 viruses are stably 

maintained in their natural hosts in a low pathogenic form. From this reservoir, the 

viruses can be introduced by various pathways into poultry flocks. Following a variable 

period of circulation (and presumably, adaptation) in susceptible poultry populations, 

these viruses can mutate into the highly pathogenic form (Rohm et al., 1995). 

Once HPAIV phenotypes have arisen in domestic poultry, they can be transmitted 

horizontally from poultry back into the wild bird population. The vulnerability of wild 

birds to HPAIV-induced disease appears to vary greatly according to species, age and 

viral strain. Until the emergence of the Asian lineage H5N1 HPAI viruses, spill-overs of 

HPAIV into the wild bird population occurred sporadically and were locally restricted, 

so that wild birds had not been assigned an epidemiologically important role in the 

spread of HPAIV (Swayne and Suarez, 2000). This might have changed fundamentally 

since early 2005, when a large outbreak of the Asian lineage H5N1-related HPAI was 

observed among thousands of wild aquatic birds in a nature reservation at Lake Qinghai 

in the North West of China (Chen et al., 2005; Liu et al., 2005). Comparison of 

American and Eurasian lineages further confirmed that inter-regional transmission of 

influenza viruses occurred between the North American and Eurasian birds (Liu et al., 

2004). As a result of the establishment of the viral clade detected at Lake Qinghai in a 

range of aquatic birds, further spread of this virus in migratory birds towards Europe, 

the Middle East and Africa took place during 2005 (OIE, 2006).  

It has been hypothesised that the HA gene of the H5 and H7 subtypes harbours distinct 

secondary RNA structures which favour insertional mutations (codon duplications) by a 

re-copying mechanism of the viral polymerase unit at a purine-rich sequence stretch 

encoding the endoproteolytic cleavage site of these HA proteins (Garcia et al., 1996; 
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Perdue, Garcia, and Senne, 1997). This, and probably other mechanisms too, such as 

nucleotide substitutions or intersegmental recombination (Pasick et al., 2005; Suarez et 

al., 2004), may lead to the incorporation of additional basic amino acid residues. The 

latter has been experimentally proven by the generation of HPAIV from LPAIV 

precursors following repeated passaging in vitro and in vivo by site-directed 

mutagenesis (Horimoto et al., 1995; Horimoto and Kawaoka, 1995; Ito et al., 2001; 

Walker and Kawaoka, 1993). Conversely, removal by reverse genetics of the polybasic 

cleavage site attenuates the HPAI phenotype (Tian et al., 2005). There are, however, 

viral strains in which the nucleotide sequence encoding the HA cleavage site and the 

pathotype did not match in the predicted way. One example comes from the Chilean 

H7N3 HPAIV. This arose by intersegmental recombination and displayed additional 

basic amino acid residues compared with the LPAI isolated one month before in the 

same region (Suarez et al., 2004). The LPAI virus had a cleavage site similar to other 

low pathogenic H7 viruses, but the HPAI isolates had a 30-nucleotide insert. The 

insertion likely occurred by recombination between the HA and nucleoprotein genes of 

the LPAI virus, resulting in a virulence shift. On the other hand, an H5N2 isolate 

(TX/04) from Texas was shown to harbour the HPAIV cleavage site consensus 

sequence, yet was clinically classified as LPAI (Lee et al., 2005). Result showed that 

pathogenicity of the TX/04 virus could be increased in vitro and in vivo by the insertion 

of an additional basic amino acid at the HA cleavage site and not by the loss of a 

glycosylation site near the cleavage site. Further studies on the understanding of 

structural differences of these viruses are warranted. These data re-emphasise the 

polygenic and intricate nature of influenza virus pathogenicity. 

During the last fifty years, only 24 primary HPAI outbreaks caused by HPAIV, which 

likely arose de novo in this way in the field, have been reported world-wide (Table 2.1). 

Since 1997, HPAIV have been shown to be able to infect mammals and humans in 

particular. This has especially been observed for the Asian lineage H5N1 (WHO, 2005). 

Host-dependent pathogenicity of HPAIV H5N1 for mammals has been studied in 

several model species which included mice (Li et al., 2005; Lu et al., 1999), ferrets 

(Govorkova et al., 2005; Zitzow et al., 2002), cynomolgous monkeys (Rimmelzwaan et 

al., 2001) and pigs (Choi et al., 2005). The outcome of infection was dependent on the 

viral strain and species of host. Ferrets appeared to mirror pathogenicity in humans 

better than mice (Maines et al., 2005). 
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A highly pathogenic avian influenza virus H5N1 (genotype Z), which has caused a 

number of disease outbreaks in poultry in China and seven other Southeast Asian 

countries between late 2003 and early 2004 is the same virus that was fatal to human in 

Thailand and Vietnam (WHO, 2004). This virus can be linked to the H5N1 viruses that 

caused the initial human infection of avian influenza virus in Hong Kong in 1997 (Xu et 

al., 1999; Claas et al., 1998; Guan et al., 1999) and subsequent avian influenza 

outbreaks in Hong Kong in 2001 and 2002 (Guan et al., 2002; Guan et al., 2004). A 

number of genetic markers believed to be involved in pathogenicity have been located 

in different segments of the Z genotype of H5N1 (Govorkova et al., 2005; Hulse et al., 

2004). Among these, mechanisms of interference with first-line defence mechanisms of 

the host, such as the interferon system, through the NS-1 gene product have created 

significant interest. Experimentally, it has been demonstrated using reverse genetics, 

that NS-1 proteins of some H5N1 strains carrying glutamic acid at position 92 are 

capable of circumventing the antiviral effects of interferon and tumour necrosis 

factor-alpha, eventually leading to enhanced replication in, and reduced clearance from, 

the infected host (Seo, Hoffmann, and Webster, 2002; Seo, Hoffmann, and Webster, 

2004). Human with H5N1 disease had a primary viral pneumonia complicated by 

syndromes of acute respiratory distress and multiple organ dysfunction. 

Haemophagocytosis and the syndromes of acute respiratory distress and multiple organ 

dysfunction are associated with cytokine dysregulation. The NS1 gene or gene product 

is believed to be crucial in allowing the virus to evade the host interferon response and 

is therefore a determinant of virus virulence (Cheung et al., 2002). In addition, 

immune-mediated damage resulting from NS-1-mediated disruption of cytokine 

networks may account in part for the lung lesions in mice (Lipatov et al., 2005). 

Therefore, optimal gene constellations, to a large extent, appear to drive pathotype 

specificities in a host-dependent manner in mammals (Lipatov, 2004). 

Pathology 

Lesions for LPAI vary with the viral strain and the species and age of the host. In 

general, only turkeys and chickens reveal any gross and microscopic alterations, 

especially with strains adapted to these hosts (Laudert et al., 1993; Mo et al., 1997). In 

turkeys, sinusitis, tracheitis and airsacculitis have been detected, although secondary 

bacterial infections may have contributed as well. Pancreatitis in turkeys has been 

described. In chickens, mild involvement of the respiratory tract is most commonly seen. 
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In addition, lesions concentrate on the reproductive organs of layers (ovaries, oviduct, 

yolk peritonitis). Gross pathological and histopathological alterations in HPAI reveal 

similar characteristics to those listed for the clinical presentation. Four classes of 

pathological alterations have been tentatively postulated (Perkins and Swayne, 2003): 

(i) Peracute (death within 24–36 hours post infection, mainly seen in some galliform 

species) and acute forms of disease reveal no characteristic gross pathological 

alterations: a discrete hydropericardium, mild intestinal congestion and occasionally 

petechial haemorrhages in the mesenteric and pericardial serosa have been 

inconsistently described (Jones and Swayne, 2004; Mutinelli et al., 2003). Chickens 

infected with the Asian lineage H5N1 sometimes reveal haemorrhagic patches and 

significant amounts of mucus in the trachea. Serous exudates in body cavities and 

pulmonary oedema may be seen as well. Pinpoint haemorrhages in the mucosa of the 

proventriculus, which were often described in text books in the past, have only 

exceptionally been encountered in poultry infected with the Asian lineage H5N1. 

Various histological lesions together with the viral antigen can be detected throughout 

different organs (Mo et al., 1997). The virus is first seen in endothelial cells. Later on 

virus-infected cells are detected in the myocardium, adrenal glands and pancreas. 

Neurons as well as the glial cells of the brain also become infected (Lipatov et al., 2003). 

Pathogenetically, a course similar to other endotheliotropic viruses may be assumed, 

where endothelial and leukocyte activation leads to a systemic and uncoordinated 

cytokine release predisposing to cardiopulmonary or multi-organ failure (Feldmann et 

al., 2000; Klenk, 2005). 

(ii) In animals which show a gradual onset of clinical signs and a prolonged course of 

disease, neurological signs and non-suppurative brain lesions predominate (Kwon et al., 

2005; Perkins and Swayne, 2002). However, virus can also be isolated from other 

organs. This course has been described in geese, ducks, emus and other species 

experimentally infected with an Asian lineage HPAI H5N1 strain. In laying birds, 

important features are inflammation of the ovaries and oviducts, and yolk peritonitis. 

(iii) In ducks, gulls and house sparrows, only restricted viral replication was found. 

These birds showed mild interstitial pneumonia, airsacculitis and occasionally 

lymphocytic and histiocytic myocarditis (Perkins and Swayne, 2002; Perkins and 

Swayne, 2003). 
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(iv) In the experiments described by Perkins and Swayne (2003), pigeons and starlings 

proved to be resistant to H5N1 infection. 

Transmission 

Avian influenza viruses of low pathogenicity circulate in a genetically stable state in 

wild aquatic birds (Webster et al., 1992). The infection cycle among birds depends on 

faecal-oral transmission chains. Apart from being directly transmitted from host to host, 

indirect spread via virus-contaminated water and fomites is an important route, in 

contrast to influenza virus infections in mammals (humans, swine, and horses) where 

transmission by aerosols prevails. Avian influenza viruses reveal a remarkable 

capability to retain infectivity in the environment and particularly in surface water 

despite their seemingly delicate morphology (Lu et al., 2003; Stallknecht et al., 1990a; 

Stallknecht et al., 1990b). Virus suspensions in water have been shown to retain 

infectivity for more than 100 days at 17°C. Below –50°C the virus can be stored 

indefinitely. Studies (Ito et al., 1995; Okazaki et al., 2000) showed that avian influenza 

viruses are preserved in frozen lake water during the winter in the absence of their 

migrating natural hosts in the Palearctic regions. Upon return for breeding purposes 

during the subsequent season, returning birds or their (susceptible) offspring are 

re-infected with viruses released by chance from melting environmental water. Along 

these lines, it has been hypothesised that influenza viruses can be preserved in 

environmental ice for prolonged time periods (Smith et al., 2004), and that ancient 

viruses and genotypes might be recycled from this reservoir (Rogers, Starmer, and 

Castello, 2004). The introduction of H5 or H7 subtypes of LPAI viruses to susceptible 

poultry flocks is the basis of a chain of infection events which may lead to the 

development of highly pathogenic biotypes. The risk that infection will be transmitted 

from wild birds to domestic poultry is greatest where domestic birds roam freely, share 

a water supply with wild birds, or use a water or food supply that might become 

contaminated by droppings from infected wild bird carriers (Capua et al., 2003; Henzler 

et al., 2003). Birds are infected by direct contact with virus-excreting animals and their 

excretions or through contact with fomites which are contaminated with 

virus-containing material. Once introduced into domestic flocks, LPAI viruses may in 

some cases require a phase of adaptation to poultry species before they are excreted in 

amounts large enough to ensure sustained horizontal transmission within and between 

flocks. HPAIV, once it has arisen from an LPAIV infected flock, spreads by similar 

 20



 

means. Live bird markets or live poultry markets, so-called ‘wet’ markets, where live 

birds are sold under crowded conditions, are multipliers of spread (Bulaga et al., 2003; 

Shortridge et al., 1998; Webster, 2004). 

Biosecurity measures, aimed at the isolation of large poultry holdings, effectively 

prevent transmission from farm to farm by mechanical means, such as by contaminated 

equipment, vehicles, feed, cages, or clothing – especially shoes. An analysis of the 

Italian HPAI epizootic in 1999/2000 revealed the following risks for transmission: 

movements of infected flocks (1.0 %), mediated contacts during transport of poultry to 

slaughter houses (8.5 %), neighbourhood within a one kilometre radius around infected 

premises (26.2 %), lorries used for transport of feed, bedding or carcasses (21.3 %), 

other indirect contacts through exchange of farm staff, working machines, etc. (9.4 %) 

(Marangon et al., 2004). There were no hints of airborne spread during the Italian 

epidemic. However, during outbreaks in the Netherlands (2003) and Canada (2004), 

airborne spread has been considered (Landman and Schrier, 2004; Hirst et al., 2004). 

The role of live “vectors” such as rodents or flies, which may act as ‘mechanical 

transmitters’ and are not themselves infected, is largely undetermined but certainly does 

not constitute a major factor (Lipkind et al., 1982). 

Until the emergence of the Asian lineage of H5N1 HPAIV, a re-introduction of HPAIV 

from poultry into the wild bird population had not played any significant role. In April 

2005, however, Asian lineage H5N1-associated disease surfaced at Lake Qinghai in 

North Western China affecting thousands of bar-headed geese and other migratory 

species of ducks, cormorants and gulls (Chen et al., 2005; Liu et al., 2005). Therefore, 

transmission of Asian lineage H5N1 viruses by wild birds must be taken into account in 

future preventive concepts. Since late 2003, some H5N1 viruses have been encountered 

in Asia which were highly pathogenic for chickens but not for ducks (Sturm-Ramirez et 

al., 2005). Experimental infections using these isolates revealed a heterogeneous 

mixture with respect to genetic analysis and plaque formation capacities in cell culture 

(Hulse-Post et al., 2005). Ducks that survived infection with these isolates were shown 

to shed a virus population on day 17 that had lost its pathogenic potential for ducks. 

When clinical signs are used to screen for the presence of HPAIV H5N1 in the field, 

ducks may be the ‘Trojan horse’ of this virus (Webster et al., 2006). 
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Avian influenza in Hong Kong 

The geographic region of southern China in the vicinity of Hong Kong has long been 

recognized as a key area for the emergence of influenza A viruses and initiation of 

human influenza epidemics and pandemics (Shortridge, 1995; Shortridge, 1997; 

Shortridge and Stuart-Harris, 1982). Close contact between the various species within 

the dense populations of birds, people and other livestock (such as pigs) has been 

identified as contributing to the importance of this region in the development of new 

influenza strains (Shortridge, 1999). More detailed knowledge of inter-species 

interactions and socio-economic relationships in this region has become an important 

pre-requisite to identifying key factors that facilitate the genetic reassortment which 

appears to be a critical part of influenza development. In March 1997, an outbreak of 

influenza A (H5N1) virus infection occurred in farmed chickens in the Hong Kong 

Special Administrative Region (Hong Kong SAR) with an associated mortality rate on 

individual poultry farms ranging from 70 to100%. Although this outbreak seemed to be 

under control on affected local chicken farms by May (Shortridge, 1999), the virus had 

by then spread to the human population. Between April and December 1997, 18 human 

cases were associated with avian H5N1 (H5N1/97) virus infection, and 6 of these 

people died as a result of avian influenza infection (Claas et al., 1998; Subbarao et al., 

1998; Yuen et al., 1998). Surveillance of avian influenza viruses circulating in Hong 

Kong’s poultry during this outbreak had identified several subtypes in addition to H5N1, 

mainly H9 subtypes (H9N2, H9N3), and others (H3N8, H4N8, H6N1, H6N9, H11N8 

and H11N9) (Shortridge, 1999). Molecular characterization of these H9N2 viruses 

identified that six out of eight gene segments of a H9N2 virus isolated from quail 

(A/quail/HK/G1/97) are highly related to the 1997 human H5N1 virus and another two 

H9N2 viruses, one isolated from chicken (A/chicken/HK/G9/97) and one from duck 

(A/duck/HK/Y280/97), with their PB1 and PB2 genes closely related to those of the 

human H5N1 virus (Guan et al., 1999). Another subtype avian influenza virus, an H6N1 

virus isolated from a green-winged teal (A/teal/HK/W312/97) from a live poultry 

market during 1997 outbreak, was also identified by genetic characterization that it has 

seven of its eight genes closely related to the human H5N1 virus (Hoffmann et al., 

2000). There was no more human infection of the H5N1 virus after complete 

depopulation of all live poultry in Hong Kong in December 1997. In March 1999, two 

human cases of mild influenza in Hong Kong were reported to be caused by influenza A 
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H9N2 viruses (Peiris et al., 1999). The H9N2 isolates from the two Hong Kong cases 

were phylogenetically close to the H9N2 isolated from live poultry markets in 1997 

(Lin et al., 2000). During the same year, there were another five reported cases of 

human infection with H9N2 in China (Guo, Li, and Cheng, 1999). These pieces of 

evidence lend support to the hypothesis that human H5N1/97 viruses arose from the 

reassortment of a number of precursor avian influenza viruses. That is, 

Goose/Guangdong/1/96-like H5N1 virus may have contributed the H5 haemagglutinin 

(Xu et al., 1999) with a Quail/HK/G1/97-like H9N2 or a Teal/HK/W312/97-like H6N1 

virus giving the internal genes (Guan et al., 2002; Guan et al., 1999; Hoffmann et al., 

2000).  

Surveillance of Hong Kong’s live poultry markets in December 1997 revealed that 

H9N2 subtype viruses were the second most commonly isolated avian influenza viruses 

with prevalence by virus isolation of up to 4.4 % from chicken (Shortridge, 1999). This 

was a surprising finding when compared with the finding reported in 1995 that cases of 

H9 infection was very uncommon and sporadic in chickens in southeastern China 

(Shortridge, 1995). When the live poultry markets were re-opened in February 1998, the 

H5N1 could not be detected despite extensive routine serological and virological 

surveillance (Sims et al., 2003). However, H9N2 subtype viruses have been frequently 

isolated from chickens and other poultry in live poultry markets in Hong Kong (Guan et 

al., 2000) and southern and northern China (Guo et al., 2000). Phylogenetic analyses of 

these H9N2 subtype viruses revealed that two lineages of H9N2 viruses 

(A/quail/HK/G1/97-like and A/duck/HK/Y280/97-like) infected high proportions of 

chickens and other land-based poultry (including quail, pigeon, pheasant, guinea fowl 

and partridge), and were evolving relatively quickly in their genes (especially PB2, HA, 

NP and NA) suggesting there were in the process of adapting to new hosts (Guan et al., 

2000). H6N1 subtype viruses originally detected in duck in 1997 (A/teal/HK/W312/97) 

were also constantly isolated from quail, pheasant and chukar/partridge in the 

virological surveillance in Hong Kong’s live poultry markets during 1999-2000 (Chin et 

al., 2002). In the meantime, the A/goose/Guangdong/1/96 (H5N1)-like viruses that are 

the probable donors of the HA gene for the 1997 H5N1 were also occasionally isolated 

from ducks and geese that were sent from China daily to Hong Kong. These findings 

caused concern about whether the live poultry marketing system within Hong Kong can 

perpetuate these avian influenza viruses, and hence create an environment which is 
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conducive to occurrence of a second episode of reassortment, which could generate a 

new influenza virus with zoonotic potential (Webster, 2004). 

Computer modelling of disease spread 

For epidemics of exotic contagious animal diseases such as foot-and-mouth disease 

(FMD) and classical swine fever (CSF), computer simulation has proven to be a useful 

tool for the analysis of the epidemiological and economic consequences of different 

control options (either for planning purposes before an epidemic, or during and after an 

epidemic to evaluate the situation) (Marsh and Morris, 1997). For FMD, a simulation 

model (InterSpread) covering disease spread and its interaction with control measures 

had been developed in New Zealand (Sanson, 1993). It was later modified to 

incorporate an economic module for the calculation of direct losses and consequence 

losses for farmers and related industries for classical swine fever epidemic in the 

Netherlands (Meuwissen et al., 1999). Extensive work has been done with this model to 

describe the spread of infectious disease of animals and evaluate possible control 

strategies, such as classical swine fever (Jalvingh et al., 1999; Klinkenberg et al., 2003; 

Nielen et al., 1999), foot-and-mouth disease (Ferguson, Donnelly, and Anderson, 2001; 

Keeling et al., 2001; Morris et al., 2001), infectious bovine rhinotracheitis (Noordegraaf 

et al., 2000), and Johne’s disease (Groenendaal et al., 2002).  

There have been few published reports of modelling or risk assessment exercises 

relating to avian influenza. There have been some in relation to the likelihood of disease 

spread from a HPAI infected area to uninfected areas or countries. For example, in 1997, 

an assessment was conducted to assess the risks of introduction HPAI virus from 

Mexico to the USA poultry population (Carver, 1997).  

Some studies have also been conducted on the epidemiological analysis of national 

outbreaks of HPAI.  A regression model was used to study the HPAI virus spread 

pattern in chicken farms in Korea (Yoon et al., 2005).  

Due to the HPAI H5N1 viruses which are now endemic in avian populations in Asia, 

and continuing occurrence of human cases of H5N1, more attention has been paid to 

modelling avian influenza spread. Several simulation models focused on the avian 

influenza transmission in Southeast Asia in human population have recently been 

published (Ferguson et al., 2005; Longini et al., 2005; Smith, 2006). Although these 

studies may contribute to the selection of control strategies and preparedness for the 
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pandemic influenza, it is the source – the avian influenza viruses- that needs more 

emphasis. That is, the epidemiology of avian influenza viruses in affected Asian 

countries needs to be explored. There appeared to be a significant role for modelling 

and risk assessment in predicting the spread of the virus once an outbreak has occurred, 

as this will support sound decisions on control measures, especially biosecurity. 

Conclusion 

Understanding the epidemiology of avian influenza has always been considered 

important in formulating and implementing control policies for HPAI. Although avian 

influenza has been recognised for over fifty years, its pattern of occurrence has still 

surprised and puzzled scientists around the world due to its ever-changing appearance. 

However, use of the new investigational technologies in recent years has revolutionised 

avian influenza epidemiology and answered many, but by no means all of the puzzles 

about this disease.  

Not only has the demonstration that HPAI viruses emerge from LPAI viruses changed 

ideas on the introduction and spread of the virulent viruses, but molecular epidemiology 

based on phylogenetic studies has given much greater insights into the origins of 

influenza viruses and provided better explanations for the geographical distribution of 

influenza outbreaks in various species. Field epidemiological studies have also begun to 

explain transmission processes and infection dynamics of the different influenza viruses, 

although much remains to be done in this area of research. 

Through the use of simulation modelling techniques, the various strands of 

understanding about the genesis of influenza epidemics can be brought together and 

synthesised. Using this approach, better prediction of transmission patterns of influenza 

viruses will become possible, and implementation of control strategies will become 

more reliable. Gradually the remaining mysteries of influenza viruses are being solved. 
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Chapter 3: Aftermath of the 1997 Hong Kong Bird Flu Outbreak: Descriptive 

Epidemiology of Avian Influenza Viruses (H5N1, H6N1, H9N2) in the Live Poultry 

Markets of Hong Kong SAR (April 1999- May 2001) 
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Summary 
Between April 1999 and May 2001, swab samples taken from faecal trays immediately 

underneath cages of poultry (including chicken, silky chicken, quail, pheasant, pigeon, 

chukar and guinea fowl) in the retail live poultry markets in Hong Kong SAR were 

tested for avian influenza viruses (AIV) subtypes (H5N1, H6N1 and H9N2) as a routine 

monitoring programme. This was undertaken in the aftermath of the outbreak of highly 

pathogenic avian influenza virus subtype H5N1 in this region in 1997, which produced 

the first recorded human death from an avian strain of influenza A, and resulted in the 

slaughter of 1.5 million poultry. Virological surveillance showed there was continuing 

circulation of avian influenza virus subtypes H9N2 and H6N1 during this sampling 

period and also demonstrated the re-appearance of H5N1 in February 2001. These 

viruses (H9N2, H6N1) have shown different temporal patterns and species variation in 

the retail live poultry markets: H9N2 viruses were isolated continuously throughout the 

sampling period and behaved differently in different bird types; H6N1 first appeared in 

sampled retail live poultry markets in early April 1999 but did not re-appear until 

January 2000 and its prevalence has since increased, mainly from quail samples. As for 

H5N1, it re-appeared in the retail live poultry markets in February 2001 but significant 

mortality began only in May 2001. Following this there was a second depopulation of 

poultry in the live poultry marketing sector (1.2 million birds). From this study, we are 

able to show the transmission variation of H9N2 and H6N1 among different poultry 

species in different retail live poultry markets, which demonstrates the dynamics of 

these viruses, and provides guidance on control measures to prevent these viruses in the 

live poultry marketing system in Hong Kong Special Administration Region (Hong 

Kong SAR). 

Key words: Live poultry markets, H5N1, H6N1, H9N1, descriptive epidemiology. 

Introduction 

Influenza A viruses can infect a wide range of animal hosts, including avian and 

mammalian species (Wright and Webster, 2001). Antigenic and genetic analyses have 

identified 16 haemagglutinin (HA) and 9 neuraminidase (NA) subtypes. Viruses of all 

subtypes have been isolated from avian species, especially wild aquatic birds, which 

underlines the importance of birds as the reservoir of these viruses (Webster, et al., 

1992). The geographic of region for the emergence of influenza A viruses which may 

produce in the vinicity of Hong Kong/southern China has long been recognized as a key 
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area of human influenza epidemics and pandemics (Shortridge and Stuart-Harris, 1982). 

Close contact between dense populations of birds, people and other livestock such as 

pigs has been identified as one factor contributing to the importance of this region in the 

development of new influenza strains. More detailed knowledge of interspecies 

interactions and socio-economic relationships in this region has become an important 

pre-requisite to identifying key factors that facilitate the genetic reassortment which 

appears to be a critical part of influenza development. In March 1997, an outbreak of 

influenza A (H5N1) virus infection occurred in farmed chickens in the Hong Kong SAR 

with an associated mortality rate on individual poultry farms ranging from 70 to 100%. 

Although this outbreak seemed to be under control on affected local chicken farms by 

May (Sims et al., 2003), the virus had by then spread to the human population. Between 

April and December 1997, 18 human cases were associated with avian H5N1 (H5N1/97) 

virus infection, and 6 of these people died as a result of avian influenza infection (Claas 

et al., 1998; Subbarao et al., 1998; Yuen et al., 1998). Surveillance of avian influenza 

viruses circulating in Hong Kong’s poultry during this outbreak had identified several 

subtypes in addition to H5N1, mainly H9 subtypes (H9N2, H9N3), and others (H3N8, 

H4N8, H6N1, H6N9, H11N8 and H11N9) (Shortridge, 1999). There was however, no 

evidence of human infection due to the H5N1 subtype after the complete depopulation 

of all live poultry in Hong Kong in December 1997. In March 1999, two human cases 

of mild influenza in Hong Kong were reported to be caused by influenza A H9N2 

viruses (Peiris et al., 1999). The H9N2 isolates from the two Hong Kong cases were 

phylogenetically close to the H9N2 isolated from live poultry markets in 1997 (Lin et 

al., 2000). During the same year, there were another five reported cases of human 

infection with H9N2 in China (Guo et al., 1999). The evidence supports the hypothesis 

that the human H5N1/97 viruses arose from the reassortment of a number of precursor 

avian influenza viruses. Goose/Guangdong/1/96-like H5N1 virus may contribute the H5 

haemagglutinin (Xu et al., 1999) with a Quail/HK/G1/97-like H9N2 or a 

Teal/HK/W312/97-like H6N1 virus giving the internal genes (Guan et al., 1999; 

Hoffmann et al., 2000; Guan et al., 2002). In the face of mounting evidence indicating 

the potential importance of particular avian influenza subtype viruses in human 

infection, and taking into account the complexity of the live poultry marketing system 

adopted in Hong Kong SAR, a series of projects have been undertaken in the live 

poultry marketing sectors to investigate aspects of the epidemiology of avian influenza 

viruses. This report presents findings of the retail live poultry market sampling 
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programme initiated in 1999 designed to monitor circulating  

avian influenza viruses - mainly H5N1, H6N1 and H9N2 within markets in Hong Kong 

SAR.  

Materials and Methods 

Study Population 

At the time of this study, there were 199 retail live poultry markets containing 730 retail 

live poultry stalls in Hong Kong SAR. Each market contained between 1 and 27 stalls at 

the start of study. There were also 162 individual street stalls that sold birds to the 

public. In April 1999, 19 retail live poultry markets were randomly selected for 

sampling. From September 1999, this number was reduced to 9 for ongoing monthly 

sampling (3 for each region- Hong Kong Island, Kowloon and New Territories) based 

on the virus isolation rate and the cooperation of the stall owners, with selected markets 

containing between 2 and 24 stalls. The size (stall numbers, poultry numbers) and 

proportion of different poultry species in each market are listed in Table 3.1.  
 
Table 3.1. General descriptions of retail live poultry markets enrolled in cross-sectional study. *: 16 poultry stalls in 
the M6 markets, only 6 stalls were routinely sampled. Number of poultry – approximate number in the market on a 
normal working day. #: Approximate percentage of total daily poultry throughput comprised of each species. 
 

Chicken
Silky

chicken Pigeon Quail
Guinea

fowl Pheasant Chukar
M1 Hong Kong Island 7 1500 62 8 9 12 3 3 3
M2 Hong Kong Island 2 1800 65 5 5 10 5 7 3
M3 Kowloon 2 1500 68 4 12 7 3 4 2
M4 Kowloon 10 3000 64 8 11 7 4 5 1
M5 Hong Kong Island 9 2700 63 5 9 9 5 5 4
M6 Kowloon 16 (6*) 5000 84 12 2 1 0.3 0.5 0.2
M7 New Territories 3 1000 85 7 7 0.4 0.3 0.2 0.1
M8 New Territories 5 1300 80 11 7 0.5 0.8 0.7 0
M9 New Territories 24 8000 70 10.9 9 6 2 2 0.1

Poultry species (%)#Number
of

poultryMarket Region
Number
of stalls

 
 
In November 2000, one market was lost to the routine monthly sampling programme 

due to the stall owners declining further participation in the study. In May 2001, 10 

extra retail markets were sampled as part of the investigation of a H5N1 outbreak in the 

retail live poultry markets. Numbers of poultry in each stall ranged between 200 and 

400 in a normal working day, with the majority being chickens. The total number of 

poultry in each market per day ranged from 200 to 8000 birds, depending on the number 

of poultry stalls in the market and the size of the stalls.  

Laboratory methods 

Swab samples were collected from faecal material on trays immediately underneath bird 
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cages. Samples were placed in transport medium (tissue culture medium 199 with 

antibiotics), in an ice-packed container during transport, and either inoculated into 9 to 

11-day-old embryonated chicken eggs within 24 hours of collection or stored at -70ºC 

for later processing. Virus was isolated from infected allantoic fluid after inoculation for 

3 days and identified using haemagglutination inhibition (HI) test and neuraminidase 

inhibition (NI) test with monospecific antisera to each known influenza A virus subtype 

as described previously by Shortridge et al (1977). 

Statistical analysis 

Power analysis was performed in the planning phase to guide sample size determination. 

Prevalence estimates used in power analyses were derived from an earlier study done by 

Guan et al (1999). A minimum sample size of 59 birds per market was determined 

necessary for detecting a 5% prevalence of infection with 80% power for a population 

of 4000 or more at market level. For poultry numbers close to or below 200 in a single 

market at any sampling occasion, a minimum sample size of 30 was adopted to have 

81% confidence of detecting at least one positive bird in an infected market. Sequential 

point prevalence estimates were determined for each bird type over the course of the 

study (26 months from April 1999). Data were examined for evidence of trend and 

seasonality using the decomposition forecasting approach in NCSS2000 (NCSS, 

Kaysville, Utah, USA). The approach apportions variability in time series data into five 

components as follows: 

 Value = (series mean)*(long range trend)*(seasonality)*(cycle)*(randomness). 

Cycle and random components were assumed to be equal to one and no forecasting was 

done beyond the end of the sampling period because of the paucity of the data. 

Residuals from the fitted model were examined for evidence of outliers and any 

non-random pattern. A statistical program (SPSS for Windows, 11.0, 2001) was used to 

calculate relative risk estimates for factors associated with isolation of virus subtypes. 

Exact tests were used to test the significance of all contingency tables. Where tables had 

zero values for any cell, 1 was added to all cells prior to analysis. 

Results 

Temporal patterns 

A total of 9954 faecal swabs samples were collected between April 1999 and May 2001 

with 689 H9N2, 69 H6N1, 16 H5N1and virus isolations achieved from all bird types 
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(chicken, chukar, guinea fowl, pigeon, pheasant, quail and silky chicken) as shown in 

Table 3.2 and Figure 3.1.  

 
Table 3.2. Number and percentage of H9N2, H6N1 and H5N1 isolates from different bird types, aggregated to annual 
estimates. 

Species Sample
number

1999
(Apr-Dec)

2000
(Jan-Dec)

2001
(Jan-May)

1999
(Apr-Dec)

2000
(Jan-Dec)

2001
(Jan-May)

1999
(Apr-Dec)

2000
(Jan-Dec)

2001
(Jan-May)

Chicken Number
positive 68 (5.95%) 232 (7.09%) 97 (6.78%) 1 (0.06%) 1 (0.03%) 4 (0.26%) 0 (0%) 0 (0%) 9 (0.59%)
Number
sampled 1713 3442 1520 1713 3442 1520 1713 3442 1520

Chukar Number
positive 2 (2.78%) 2 (2.53%) 0 (0%) 1 (1.47%) 1 (1.32%) 2 (10.00%) 0 (0%) 0 (0%) 0 (0%)
Number
sampled 68 76 20 68 76 20 68 76 20

Guinea fow Number
positive 2 (2.78%) 6 (6.82%) 2 (10.00%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Number
sampled 72 88 20 72 88 20 72 88 20

Pigeon Number
positive 3 (1.33%) 14 (3.15%) 7 (4.22%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (1.20%)
Number
sampled 225 445 166 225 445 166 225 445 166

Pheasant Number
positive 5 (4.50%) 13 (6.67%) 7 (12.96%) 1 (1.01%) 7 (3.66%) 2 (4.00%) 0 (0%) 0 (0%) 2 (4.00%)
Number
sampled 99 191 50 99 191 50 99 191 50

Quail Number
positive 19 (18.27%)60 (11.24%)42 (19.72%) 0 (0%) 29 (5.43%) 17 (7.98%) 0 (0%) 0 (0%) 1 (0.47%)
Number
sampled 102 531 202 102 531 202 102 531 202

ilky chicke Number
positive 8 (3.57%) 27 (5.42%) 6 (4.00%) 0 (0%) 1 (0.20%) 1 (0.67%) 0 (0%) 0 (0%) 2 (1.33%)
Number
sampled 155 378 132 155 378 132 155 378 132

Mixed Number
positive 8 (3.57%) 27 (5.42%) 6 (4.00%) 0 (0%) 1 (0.20%) 1 (0.67%) 0 (0%) 0 (0%) 2 (1.33%)
Number
sampled 84 141 34 84 141 34 84 141 34

H9N2 H6N1 H5N1
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Figure 3.1. Temporal patterns of cumulative incidence for H9N2, H6N1 and H5N1 in chicken, pheasant, quail and 
silky chicken at three monthly intervals. (C: chicken, Ph: pheasant, Q: quail, Sc: silky chicken) 
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H9N2 subtype viruses were isolated from all bird species sampled, and showed a 

consistently higher isolation rate in chickens and quail throughout the sampling period. 

Results of analysis for trend and seasonality indicated a trend of increasing prevalence 

of H9N2 in chickens (slope = 0.078) and decreasing prevalence in quail (slope = -0.009). 

The seasonal components of the decomposition result for chickens indicate a 38% and 

1% decrease in the trend prediction for the first (Jan to Mar) and second (Apr to June), 

quarters respectively with the third (July to September), and fourth (October to 

December), quarters showing a 40% and 31% increase in the trend-predicted prevalence 

respectively (Figure 3.2a & Table 3.3).  
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Figure 3.2. Forecast and actual prevalence plots for chicken (Fig.2a) and quail (Fig.2b) at three monthly intervals 

starting with season number 2 (April to June 1999). 
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Table 3.3. Summary results of decomposition forecast of time series for H9N2 isolation in chicken and quail (data 
obtained from NCSS 2000 programme). Forecast value for season number 3 (Oct-Dec, 1999) in chicken is: 
0.07055*(0.5796+0.0783*3)*1.313247 = 0.07548 (first season started from Apr-Jun, 1999 as season number 1). 

Chicken Quail
0.07055 0.14422

Trend=0.5796+0.0783*(season number)Trend=0.9088+(-0.0086)*(season number)
Jan-Mar 0.622968 1.240997
Apr-Jun 0.973610 1.528547
Jul-Sep 1.406224 0.742385
Oct-Dec 1.313247 0.983592

0.5108 0.2879

Seasonal
componen

t

Trend component
Series mean

Pseudo-R2
 

 
The seasonal pattern in quail appears to be the opposite with the first two quarters of the 

year showing an increase in the trend-predicted prevalence and the last two quarters 

showing a reduction (Figure 3.2b & Table 3.3). The decomposition model fit as 

measured by the pseudo-R2 value was better for H9N2 in chickens than for H9N2 in 

quail (pseudo-R2 = 0.51 and 0.29 for chicken and quail respectively, Table 3.3). H6N1 

subtype viruses were first isolated from chicken (1), pheasant (1) and chukar (1) in April 

1999, and were not isolated again until February 2000 when they appeared mainly in 

quail and pheasant populations. H6N1 isolations then continued through to the end of 

the sampling period with quail having the highest prevalence of H6N1. Single isolations 

of H6N1 were also reported from chicken (Oct 2000), chukar (April 2000) and silky 

chicken (Oct 2000, Feb 2001). H6N1 was not isolated from guinea fowl or pigeons 

throughout the sampling period. H5N1 subtype viruses were only isolated during 
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Feb-May 2001, from chicken (9), pigeon (2), pheasant (2), quail (1) and silky chicken 

(2). 

Species effects 

Results of initial 7x2 contingency tables examining the association between bird species 

and virus isolation for each of the three virus subtypes indicated no association between 

bird species and H5N1 isolation (p=0.301). As a result individual pair-wise comparisons 

between species were not performed. There were significant associations between bird 

species and both H9N2 (p<0.01), and H6N1 (p<0.01) isolation. Pair-wise comparisons 

for these subtypes are reported in Table 3.4.  

 
Table 3.4. Relative Risk (RR) of isolation of H6N1 and H9N2 calculated for different bird types, using chickens as 
reference category. 

Subtype
Total

number
sampled

Number
positive

Relative Risk
(95% CI) p-value Number

positive
Relative Risk

(95% CI) p-value

Chicken 6675 449 1 6 1
Chukar 164 4 0.36 (0.14-0.96) 0.025 4 27.13 (7.73-95.24) <0.01

Guinea fowl 180 10 0.83 (0.45-1.52) 0.555 0 5.24 (0.65-42.38) 0.194
Pigeon 836 24 0.43 (0.29-0.64) <0.01 0 1.14 (0.14-9.24) 1

Pheasant 340 24 1.05 (0.71-1.56) 0.824 10 32.72 (11.96-89.50) <0.01
Quail 835 116 2.07 (1.71-2.50) <0.01 45 59.96 (25.66-140.1) <0.01

Silky chicken 665 41 0.92 (0.67-1.25) 0.626 2 3.35 (0.68-16.54) 0.159

Species

H9N2 H6N1

 
 
Quail had a two-fold increase in the risk of H9N2 isolation compared with chickens, 

whereas chukar and pigeon had reduced risk of H9N2 isolation compared with chickens. 

Relative risk estimates were 0.36 and 0.43 respectively. Quail, pheasant, and chukar 

showed elevated risk of H6N1 isolation compared to chickens, with relative risk 

estimates of 27.1, 32.7 and 60 respectively (p< 0.01).  

Species-market interactions 

There were significant associations between individual markets and virus isolation for 

each of the three virus subtypes studied (see Table 3.5). 
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Table 3.5. Relative Risk of isolation of H5N1, H6N1 and H9N2 calculated for different markets, using market 9 (M9) 
as reference category.   

Subtype
Total

number
sampled

Number
positive

Relative Risk
(95% CI) p-value

Numbe
r

positive

Relative Risk
(95% CI) p-value Number

positive
Relative Risk

(95% CI) p-value

M1 500 13 0.3 (0.2-0.6) <0.001 2 1.4 (0.3-6.6) 1 0 1.2 (0.1-10.7) 1
M2 731 64 1.2(0.9-1.5) 0.307 20 9.4 (4.0-22.2) <0.001 0 0.8 (0.1-7.4) 1
M3 861 42 0.7 (0.5-0.9) 0.007 13 5.2 (2.1-13.0) 0 6 5.6 (1.4-22.3) 0.013
M4 1161 66 0.8 (0.6-1.0) 0.042 3 0.9 (0.2-3.4) 1 1 0.7 (0.1-6.7) 1
M5 1373 97 0.9 (0.7-1.2) 0.605 16 4.0 (1.7-9.7) 0.002 6 3.5 (0.9-14.0) 0.081
M6 863 87 1.3 (1.1-1.7) 0.025 0 0.4 (0.0-2.8) 0.46 0 0.7 (0.1-6.2) 1
M7 662 15 0.3 (0.2-0.5) <0.001 0 0.5 (0.1-3.6) 0.694 0 0.9 (0.1-8.1) 1
M8 517 56 1.4 (1.1-1.9) 0.016 0 0.6 (0.1-4.6) 0.711 0 1.2 (0.1-10.4) 1
M9 2411 182 1 7 1 3 1

Market

H9N2 H6N1 H5N1

 
        
In order to determine if market differences in risk could be explained by differences in 

bird species sold in a particular market, analyses were done for each combination of 

bird species and virus subtype. There was significant variation among markets in the 

risk of H9N2 isolation in chicken (p<0.01), guinea fowl (p=0.015), quail (p=0.042), and 

pigeon (p=0.002), with no market effect observed in chukar (p=0.28), pheasant (p=0.44), 

and silky chicken (p=0.15). There was a significant variation among markets in the risk 

of H6N1 isolation in quail (p=0.014) and pheasant (p<0.01), with no market effect 

observed in chicken (p=0.29), silky chicken (p=0.16), and chukar (p=0.53). There was 

no significant variation among markets on the risk of H5N1 isolation in chicken (p=0.4), 

pigeon (p=0.47), pheasant (p=0.07), quail (p=1.0), and silky chicken (p=0.14). Analyses 

were not done for risk of H5N1 isolation in chukar and guinea fowl because no H5N1 

virus was isolated from either species throughout the sampling period. Those 

combinations of bird species and virus type that showed significant market variation in 

risk were then analysed using a series of 2x2 contingency tables. Results of these 

analyses are presented in Table 3.6 & 3.7.  

 
Table 3.6. Relative Risk (RR) of isolation of H9N2 for individual bird species in different markets (M1-M9) by using 
M9 as reference category. ND: Not done. 

H9N2

Market
Total

number
sampled

Number
positive

Relative
Risk (95%

CI)
p-value

Total
number
sampled

Number
positive

Relative
Risk (95%

CI)
p-value

Total
number
sampled

Number
positive

Relative
Risk (95%

CI)
p-value

M1 307 5 0.2 (0.1-0.5) <0.001 44 0 0.3 (0.0-2.1) 0.324 60 7 1.3 (0.5-3.0) 0.613
M2 383 23 0.8 (0.5-1.2) 0.328 56 1 0.2 (0.0-1.8) 0.206 134 27 2.2 (1.2-4.0) 0.011
M3 591 21 0.5 (0.3-0.7) 0.001 100 1 0.1 (0.0-1.0) 0.025 54 10 2.0 (1.0-4.3) 0.084
M4 741 45 0.8 (0.6-1.1) 0.23 129 1 0.1 (0.0-0.8) 0.007 88 6 0.7 (0.3-1.9) 0.632
M5 601 38 0.8 (0.6-1.2) 0.333 138 1 0.1 (0.0-0.7) 0.023 300 49 1.8 (1.0-3.1) 0.044
M6 726 74 1.4 (1.0-1.8) 0.03 19 1 0.7 (0.1-5.2) 1 7 2 3.1 (0.9-11.1) 0.148
M7 563 15 0.4 (0.2-0.6) <0.001 49 0 0.3 (0.0-1.9) 0.208 1 0 ND
M8 412 45 1.5 (1.1-2.0) 0.027 36 3 1.1 (0.4-3.7) 1 2 0 ND
M9 1691 127 1 205 1 152 1

Chicken Pigeon Quail
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Table 3.7. Relative Risk (RR) of isolation of H6N1 for individual bird species in different markets (M1-M9) by using 
M9 as a reference category (M4 was used in H6N1-pheasant comparison due to no isolation in M9). ND: Not done. 

H6N1

Market
Total

number
sampled

Number
positive

Relative Risk
(95% CI) p-value

Total
number
sampled

Number
positive

Relative Risk
(95% CI) p-value

M1 12 0 2.0 (0.2-20.1) 0.499 60 2 1.0 (0.2-5.1) 1
M2 63 0 0.4 (0.0-4.5) 0.593 134 17 3.9 (1.5-10.2) 0.003
M3 37 6 8.6 (1.1-68.5) 0.018 54 6 3.4 (1.1-10.6) 0.038
M4 53 1 1 88 2 0.7 (0.1-3.5) 0.718
M5 82 0 0.3 (0.0-3.5) 0.562 300 13 1.3 (0.5-3.6) 0.626
M6 4 0 4.6 (0.5-43.9) 0.271 7 0 2.9 (0.4-21.2) 0.333
M7 1 0 ND 1 0 ND
M8 1 0 ND 2 0 ND
M9 68 0 0.4 (0.0-4.2) 0.582 152 5 1

Pheasant Quail

 
 
The relative risk estimates presented in Table 3.6 and 3.7 indicate that there are 

additional effects on risk of virus isolation operating at the market level that cannot be 

explained by the variation in bird species sold at different markets. Two markets (6 and 

8) had increased risk of H9N2 isolation in chickens when compared with the reference 

market (market 9), and three markets (1, 3 and 7), had reduced risk. Markets 3, 4, and 5 

had reduced risk of H9N2 isolation in pigeons compared with market 9. There was no 

significant difference for H9N2 in guinea fowl between markets (market 4 as the 

reference), whereas in quail, market 2 and 5 had increased risk compared with market 9. 

Market 3 had elevated risk of H6N1 isolation in pheasant compared with market 4. 

Markets 2 and 3 had elevated risk of H6N1 isolation in quail compared with market 9. 

Discussion 

H9N2 viruses were continuously isolated from most bird types, particularly chicken, 

silky chicken and quail, with monthly prevalence estimates varying around 5%. Results 

of the trend decomposition analysis provide an indication of possible opposite long term 

trends and seasonal patterns in the epidemiology of H9N2 infection in chicken and quail. 

Results of the trend decomposition analysis must however be viewed with caution, as 

generally, in order to have confidence in the estimation of a trend or seasonal pattern, 5 

or more years of data would need to be studied (Fuller, 1996). The trend decomposition 

analyses in this paper were only applied to H9N2 in chickens and quail because the 

numbers of samples and isolates were only sufficient for these two examples. The 

results are preliminary, although they raise some interesting possible hypotheses that 

may be examined in more detail in future studies. The long term increasing trend 
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reported for H9N2 in chickens is supported by data obtained from further sampling after 

the end of this study (data not shown). In contrast, the H9N2 trend in quail declined 

over the sampling time period. The reported seasonal patterns for H9N2 in the two 

species are also different with chickens appearing to have lower circulating levels of 

infection in the first half of the year and higher in the second 6 months. Quail have the 

opposite pattern with elevated circulating infection levels in the first 6 months. 

Differences in patterns of infection between different bird species may be due to 

variation in age at marketing, bird source and species- specific epidemiological factors 

such as virus replication and excretion rates. Another possible explanation could be due 

to the different lineages of H9N2. A recent study reported that virus replication patterns 

differ among different H9N2 lineages in various species (Guo, et al, 2000). Sequence 

results for some of the viruses isolated from live poultry markets showed that majority 

of H9N2 isolates from chicken belonged to the Y280-like lineage, while isolates from 

quail all belonged to the G1-like lineage (data not shown). More detailed investigation 

of H9N2 lineages will provide a better understanding of the epidemiology of infection 

for this virus subtype. 

Data in this study showed that the H6N1 subtypes first appeared in the markets in April 

1999, at a low prevalence. After re-appearing in February 2000, prevalence estimates 

then appeared to show a steady increase towards the end of the sampling period. H6N1 

seemed to establish itself among the quail and to a lesser extent the pheasant 

populations. H6N1 was isolated from most of the bird species (except for guinea fowl 

and pigeon), indicating that this subtype has gradually adapted itself to the mix of bird 

species existing in the live poultry market system. Serological evidence showed there 

are two HA subgroups for H6N1, termed recent terrestrial, and aquatic (Chin et al., 

2002). Phylogenetic analyses completed to date have found that all the H6N1 isolates 

from live poultry markets in Hong Kong are of the terrestrial subgroup and these are 

closed related to the 1997 H6N1 isolate (A/teal/Hong Kong/W312/97) (Chin et al, 

2002). The apparent increase in prevalence among quail and pheasant of a H6N1 

subtype virus that possess similar genes to the 1997 H5N1 subtype responsible for 6 

human deaths, is of great concern. 

The number of H5N1 isolates in this study was too small to show much statistically 

significantly difference between any of the explanatory variables studied. It is 

interesting to note that a temporal peak of H9N2 isolations seemed to precede the 

appearance of H5N1. This could possibly be due to a cross protective effect from H9N2, 
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as H9N2 infected chickens can carry and shed H5N1 virus in their faeces but have no 

detectable anti-H5N1 antibody in their serum (Seo & Webster, 2001). Under this 

scenario infected chickens could return a negative H5N1 serological test at the border 

and gain entry into the Hong Kong live market system. Infected birds could then pose a 

risk of transmission of H5N1 to naïve birds in the live poultry market system.  

This study has identified distinct variation between markets with respect to prevalence 

of different avian influenza subtypes, even when differences in species composition of 

different markets were taken into account. Individual market characteristics are 

influencing the patterns of circulating virus infections. One particular market (M3), had 

the highest risk for H5N1 isolation and the second highest risk for H6N1 isolation while 

also returning a reduced risk for H9N2. This market is a small (only 2 live poultry stalls) 

but very busy market with all bird species sold all year round. The daily poultry 

turnover number can be up to one thousand per day. The high poultry turnover rate is 

associated with a higher risk of introduction of virus-carrying birds and their subsequent 

mixing with a population of naïve birds of different species. This situation is considered 

to produce favourable circumstances for introduction and multiplication of viruses. 

Minor poultry species (such as quail and pheasant), appear to play a very influential role 

in the epidemiology of influenza viruses. Minor poultry species often have a slower 

turnover rate in the retail live poultry markets, meaning they spend more time there than 

chickens. Therefore they would have time to complete at least one full virus replication 

cycle and transmit to nearby birds of various species, whereas chickens may be sold too 

quickly to act as spreaders. Whether minor poultry can serve as a reservoir for virus 

maintenance and transmission within the live market system is an interesting question 

that remains to be answered. Next step is to have a good understanding of the Hong 

Kong live poultry market in relation to avian influenza virus transmission pattern. The 

author will conduct further studies in the Hong Kong live poultry marketing system to 

investigate the epidemiology of avian influenza virus and its relationship with human 

influenza risk.    
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Chapter 4: Historical Development of Live Poultry Markets in Hong Kong: A 

“Breeding Ground” for Avian Influenza Viruses? 
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Summary 

Live poultry markets have long been a component in the socio-economic framework of 

rural society in many countries. Only recently was it recognised that these markets 

played an important role in the epidemiology of avian influenza viruses, as 

investigations have traced the source of infection to live poultry markets in many of 

these outbreaks. Loss of human life and severe financial losses have been incurred due 

to outbreaks of avian influenza reported around the world. In Hong Kong, intimate 

contact between live poultry and humans in crowded markets may provide the requisite 

environment for the development of an influenza virus which has the potential to 

produce the next human influenza pandemic. This paper describes the live poultry 

market system in Hong Kong, and explores the relationship between the evolution of 

the marketing system in recent years and the epidemiology of avian influenza viruses in 

this system where people and birds mix extensively. Most of the changes have resulted 

from the outbreak of avian and human cases of H5N1 avian influenza infection in 1997 

and subsequent events.  A clear understanding of what has happened in Hong Kong is 

a valuable guide to affected countries as they seek to develop and implement effective 

prevention and control measures for avian influenza. 

Key words: Live poultry marketing system, 1997 aftermaths, H5N1. 

Introduction 

Avian influenza in domestic poultry is classified into two levels of severity- low 

pathogenic (LPAI) and high pathogenic (HPAI) avian influenza. Clinical signs for LPAI 

range from sub-clinical infection to a mild disease characterised by respiratory signs or 

lower egg production, whereas HPAI usually causes acute, generalised disease and high 

mortality in affected flocks. Of the 16 HA subtypes of AIV, only H5 and H7 viruses of 

certain lineages have caused HPAI in poultry. Many other lineages of H5 and H7 viruses 

are of low pathogenicity (Alexander, 2000). However, there is a growing concern that 

low pathogenic H5 or H7 viruses may undergo genetic modification to become highly 

pathogenic, with recent field evidence supporting the occurrence of this change in 

pathogenicity (Banks et al., 2001; Brugh, 1988; Brugh and Perdue, 1991). The change 

may be gradual (referred to as antigenic drift) or abrupt (antigenic shift). The molecular 

basis of these changes has been clarified considerably in recent years (Webster et al., 

1986; Garcia et al., 1996; Banks et al., 2001). HPAI has long been regarded as a rare 
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poultry disease until 1997 (Alexander, 2001). In 1997, the H5N1 subtype of HPAI 

showed the world the first time that it can not only infect and kill the domestic poultry 

but also the men. In subsequent years, HPAI has repeatedly made its appearance around 

the world including Hong Kong, Italy, Pakistan, Mexico, Netherlands and several other 

countries (Capua & Alexander, 2004). As Southern China has long been recognised as 

the epicentre for emergence of new influenza viruses, the link of avian influenza virus 

to human has caused great concern worldwide that this area is likely to be the breeding 

ground for pandemic influenza. In order to prevent this situation from happening, the 

study of the epidemiological features in this epicentre will be an important part of 

research to unwind the mystery of influenza. 

Incidences of Avian Influenza in Hong Kong 

In Hong Kong, AIV infection of chickens has been gradually increasing since 1995, 

when there was one outbreak of AIV with a 17% mortality rate (AFCD data). The 

number of outbreak increased to 3 in 1996 with an average mortality rate of 66% 

(AFCD data). In March 1997, a severe outbreak of HPAI (H5N1) virus was recorded in 

three local chicken farms with mortality ranging from 70% to nearly 100% (Sims et al., 

2003). This outbreak was initially brought under control by the slaughter and disposal of 

all chickens on affected farms. Then in May 1997, avian influenza virus H5N1 put 

Hong Kong in the spotlight on the world stage because of the first recorded event in 

which severe human infection occurred due to a true avian influenza virus (Subbarao et 

al., 1998). By the end of 1997, a total of 18 Hong Kong residents had become infected 

with H5N1 viruses, with 6 confirmed human fatalities (Claas et al., 1998). Samples 

taken from birds presented for sale in live poultry markets in Hong Kong during the 

same time period revealed high isolation rates of H5N1 virus (20% from chickens and 

2% from ducks and geese), generating concern that live poultry markets may be an 

important potential source of H5N1 virus for human infection (Shortridge, 1999). A 

decision was made to depopulate all poultry in the Hong Kong region, resulting in the 

slaughter of over 1.5 million birds by December 1997. No further human cases of H5N1 

infection have been reported in Hong Kong following this eradication. A case-control 

study investigating risk factors for human H5N1 infection was conducted in January 

1998 which showed that exposure of the general public to live poultry (by visiting either 

a retail live poultry stall or a market selling live poultry), was significantly associated 

with H5N1 infection (Mounts et al., 1999). 
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In May 2001, there was another HPAI (H5N1) outbreak in Hong Kong, with infection 

confined to live poultry markets (retail and wholesale). The consequence of this 

outbreak was the slaughter of 1.37 million poultry (all birds in the retail and wholesale 

live poultry markets, and market-size birds at local farms), in order to stop the 

multiplication, further transmission and possible reassortment of avian influenza viruses 

then circulating in the live poultry markets (Sims et al., 2003a). Once again the live 

poultry market system was allowed to restock after thorough cleaning and disinfection. 

Ongoing surveillance of market birds indicated an absence of circulating H5N1 virus 

from the Hong Kong live poultry markets until January 2002. At that time H5N1 was 

isolated from samples taken from several live poultry markets. There did not appear to 

be any significant clinical disease or mortalities associated with these findings and 

isolations of H5N1 from live poultry markets ceased in February 2002. In the meantime, 

another wave of H5N1 virus isolations was found in samples from local chicken farms, 

in association with mild to severe mortality (Sims et al., 2003b). A case-control study 

focused on local chicken farms indicated that movement of people between poultry 

farms and retail live poultry markets were associated with increased risk of farm-level 

H5N1 infection. These findings were consistent with farm-level virus being sourced, at 

least in part from retail live poultry markets (Chapter 9). In December 2002, H5N1 

viruses were once again isolated from dead birds, but this outbreak was different from 

the previous ones as it was not only isolated from chickens and other species of poultry 

in the retail live poultry markets but also from birds (ducks, geese, egret, grey heron) in 

the zoological parks (Guan et al., 2004). Two months later, H5N1 virus strike again in 

Hong Kong but the victims were human this time. Phyolgenetic analysis done by Guan 

and his colleagues has demonstrated this H5N1 virus is similar to the one that had been 

isolated from the zoological park in previous month (Guan et al., 2004). The possible 

epidemiological risk factor for the source of H5N1 virus for human infection is the 

previous contact of poultry by these victims. All these information have indicated that 

the live poultry and live poultry market system must have played a vital role in the 

epidemiology of avian influenza virus in Hong Kong and Southern China. Table 4.1 

shows the timeline of these incidences chronographically. 

 



 

Table 4.1. Temporal pattern of avian influenza viruses (H5N1, H6N1 and H9N2) in live poultry marketing system in Hong Kong SAR from 1997 to 2003. 
   
Year Month Events New measures Comments 

1997 Mar AIV outbreak on one local chicken farm (mortality rate: 
100%) Slaughter & disposal of all chickens on affected farm AIV was diagnosed according to clinical findings 

  Apr AIV outbreak on 2nd local chicken farm (mortality rate: 
75%).  Slaughter & disposal of all chickens on affected farm Avian influenza virus H5N1 was first isolated from dead chickens 

from affected local chicken farm. 

  May AIV outbreak on 3rd local chicken farm (mortality rate: 
75%). First human case of AIV H5N1 infection died. Slaughter & disposal of all chickens on affected farm   

  Aug Avian influenza virus H5N1 was first identified as the 
cause of human infection.     

  Dec 

Further 17 human cases of AIV H5N1 infection with 5 
fatalities. Another AIV H5N1 outbreak on local chicken 
farm. Virological surveillance was undertaken by HKU 
from 23/12/97 and AIV (H5N1, H9N2, H9N3, H4, H6, 
H11) were isolated from poultry (chicken, duck, goose, 
pigeon) at retail & wholesale live poultry markets. 

Import of live birds from China was voluntarily 
suspended on 24/12 97.  Slaughter and depopulation 
all poultry in Hong Kong (1.5 million) started from 
29/12/97. Live poultry trade ceased for 7 weeks. 

No more human case of H5N1 infection after depopulation of poultry 

1998 Feb Live poultry markets restarted. 

Resumed land-based poultry importation. Control 
measures included strict import control, serology test 
for H5 (imported & local), segregation for ducks & 
geese (central slaughter), full clean-up of local chicken 
farms before re-stock. 

  

  Apr HKU started routine monthly virological surveillance for 
AIV at border, wholesale & retail live poultry markets.    Constantly H9N2 and occasionally H6N1 viruses were isolated from 

retail markets since Apr (HKU data). 

  May Surveillance of waterfowl nature reserve (808 faecal 
samples) with one influenza H11 subtype virus isolated. Resumed importation of ducks & geese from China.   

1999 Mar H5N1 virus was isolated from geese faecal material in 
waterfowl wholesale market (WWM). 

Importation of ducks & geese from China was 
suspended   

  Apr   Resume importation of live ducks & geese from 
China.   

2000  Oct H5 antibody was detected from chickens from local 
chicken farm. Vigorously testing were conducted on this farm  

Increasing H9N2 virus isolation from all land-based poultry since 
Sep and increasing H6N1 virus isolation in quail since Feb (HKU 
data).  

  Nov   
Total 1,700 samples for virus isolation and 3,000 
blood samples for serology were collected and no 
avain influenza virus was isolated. 

Chickens on this farm remained healthy and the present of H5 
antibodies may suggest a past exposure to the H5 virus. 

2001 Jan H5N1 virus was isolated from WWM (goose).   
Increasing number of H6N1 viruses were isolated from retail markets 
especially in quail (HKU data). WWM: H5N1 genotype C. (Guan et 
al., 2002) 
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   Feb H5N1 viruses were isolated from several retail live poultry 
markets.   No abnormal high mortality for chickens in the retail poultry 

markets. H5N1 genotype C. (Guan et al., 2002) 
  Mar H5N1 viruses were isolated from WWM (goose)   WWM: H5N1 genotype B. (Guan et al., 2002) 

  Apr H5N1 viruses were isolated from several retail live poultry 
markets and WWM (ducks)   Retail markets: H5N1 genotype A; B; C; D; E;             

WWM: H5N1genotype B & C. (Guan et al., 2002) 

  May H5N1 outbreak at retail live poultry markets 

All poultry in the live poultry markets (retail & 
wholesale) were slaughtered (1.37 million). Live 
poultry markets (retails & wholesale) were closed and 
live poultry import was suspended for a month.  

H5N1 genotype A; C; E. (Guan et al., 2002) 

   Jun   
Resumed of the importation of live poultry (included 
ducks, geese) together with small number of minor 
poultry (pheasant, guinea fowl, etc). 

  

   Jul
Decreased consignments of minor poultry entering HK (no 
quail from China). H5N1 virus was isolated from dead 
chicken in CSW wholesale market (05/07/01). 

Implemented once a month rest-day (25th) at retail 
live poultry markets. 

Isolation rate for H9N2 and H6N1 decreased after rest day cleaning 
(Kung et al., 2003) 

   Sep  

Minor poultry regained usual quantity of entering HK. 
Small numbers of live quail from China and local 
quail farm were marketed in local retail live poultry 
markets. 

  

  Nov   Legislation passed to segregate live quail from other 
poultry at all level of production and sale. 

Isolation of H6N1 decreased since no live quail in live poultry 
markets (HKU data). 

2002  Jan H5N1 viruses were isolated in retail live poultry markets. 
Last local quail farm closed   Retail markets: H5N1 genotype B; X; X1; X2; X3; Z.       

WWM: H5N1 genotype B. (Guan et al., 2004) 

   Feb
H5N1 outbreak at local chicken farms in Kam Tin and 
Hung Shui Kiu area. H5N1 was isolated from retail live 
poultry market. 

Depopulation of chickens at infected chicken farms. 
Extra rest day for retail live poultry markets. 

Chicken farm: H5N1 genotype X; Y; Z; Z1.                
Retail market: H5N1 genotype B; X; Z. (Guan et al., 2004) 

  Mar H5N1 appeared at chicken farms in Pak Sha area  Depopulation of chickens at infected chicken farms.  

In total 22 local chicken farms were infected and 950,000 birds were 
slaughtered. Chicken farm: H5N1 genotype Z. (Guan et al., 2004) No 
more H6N1 was isolated from live poultry markets since Feb and 
isolation rate for H9N2 had also decreased (HKU data). 

  Apr H5N1 virus was isolated from retail live poultry market. 21 local chicken farms were vaccinated against H5 
(H5N2 vaccine). Retail market: H5N1 genotype Z. (Guan et al., 2004) 

  May   

Government presented report on AIV and made 
recommendations for local chicken farms (restrict 
farm personnel contact retail, strict farm hygiene, etc) 
and retail live poultry markets (extra rest day). 

  

  Nov   Tighten biosecurity measures for local chicken farms.   

  Dec H5N1 viruses were isolated from retail live poultry 
markets and Penfold Park (geese) where dead ducks geese 

Penfold Park and Kowloon Park were closed for 1 
month. 

Penfold Park: H5N1 genotype Z+. Lok Ma Chau: H5N1 genotype Z. 
Kowloon Park: H5N1 genotype Z. (Guan et al., 2004) 
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and swans were observed; H5N1 viruses were also 
isolated from Kowloon Park (dead ducks) & Lok Ma Chau 
(dead gray heron) in mid Dec. 

2003  Jan   Vaccinated another 9 local chicken farms against H5.   

   Feb
H5N1 virus was isolated from retail live poultry markets. 
A 9-year old boy and his 33-year-old father were infected 
with AIV H5N1 virus after visit China in late January. 

Implemented extra rest day per month at retail poultry 
markets. Human: H5N1 genotype Z+. (Guan et al., 2004) 



 

The Live poultry market system in Hong Kong 

There is no historical record for the early evolution of live poultry markets in human 

history, but it can be certain that these have existed in China and other Southeast Asian 

areas for many thousands of years, and that such markets have been common around the 

world since the early 1900s. The development and continued existence of live poultry 

market systems is closely related with socio-economic behaviours in different regions 

among various human races. Live poultry markets have been gradually disappearing in 

most parts of the world due to developments in food-related technology such as 

refrigeration and increasing urbanisation of populations. Yet there remains a niche for 

live poultry markets to survive or even flourish in some parts of the world. In Hong 

Kong, people continue to maintain a traditional preference for fresh poultry and special 

cuisines (wild waterfowl, game birds) and these varieties of birds can often only be 

found in the live poultry markets. These markets are usually located next to or in 

densely populated residential areas. Hong Kong residents preferentially choose to buy 

from live poultry markets over supermarket offerings of packaged meat for a variety of 

reasons including traditional culinary habits, ritual customs, wider species choice, and 

easy access. Before the 1997 Hong Kong bird flu outbreak, all kinds of live poultry 

including wild or domestic land-based or water-based birds, were available for purchase 

from more than 1,000 retail live poultry market stalls around Hong Kong (Figure 4.1).  

 53



 

Figure 4.1. Live poultry marketing system in Hong Kong prior and during 1997 

Border
(entry by route/rail/sea)

(average 115,000 birds per day including chickens, ducks, geese, pigeons)

CSW live poultry
wholesale market

(Kowloon)
(average 180 tonnes

per day including
chickens, ducks,
geese & pigeons)

Retail live poultry markets/stalls
(1,000+ retail stalls)

Chicken farms in China

Local chicken farms
(average produce 25,000

chickens per day)

Mixed species poultry
farms in China

Duck/goose farms in
China

Local quail
farms

(average produce
4,500 quail per

day)

Local pigeon
farms

(average produce
7,400 pigeons per

day)

Live Poultry Marketing System in Hong Kong SAR
(1997)

General Public
(average 247 tonnes of poultry consumed per day)

Wild catches

Local duck farms
(average produce

1,000 ducks per day)

Western live
poultry wholesale

market (Hong
Kong Island)

(average 40 tonnes
per day including
chicekns, ducks,
geese & pigeons)

Local hatcheries
(imported hatching
eggs from China)

 54



 

These birds were mainly sourced daily from poultry farms in southern China (around 

80%) and a small percentage from local farms within Hong Kong (less than 20%) 

(Shortridge, 1999). Birds could be transported from border to market, farm to farm, 

farm to market, market to market, or market to farm at any time and with little 

regulatory control. Most of the transport cages were made of wood or bamboo, and 

cleaning of cages or trucks was at the discretion of the truck drivers. The first 

governmental wholesale market for poultry, Cheung Sha Wan (CSW) Poultry Market in 

Kowloon, commenced operation in November 1974. Due to the increased demand for 

additional wholesale facilities, a second wholesale live poultry market was set up 

temporarily in early 90s, and has been formally in operation since April 1994, the 

Western Wholesale Food Market (WWM) in Hong Kong Island. These two wholesale 

poultry markets acted as focal points receiving birds of different kinds from all possible 

sources. Birds were then mixed, sorted and redistributed to different retail markets daily 

through dealers, retail stall owners or general public. All kinds of poultry (including 

chickens, ducks, geese, chukars, pheasants, guinea fowl, silky chickens, quail, pigeons, 

and wild catches), were then kept in cages in the retail market stalls for hours, days, or 

even weeks until sold, as most of the retail stalls were operated all year round and were 

continuously re-supplied with poultry.  

This situation changed dramatically in 1998 due the imposition of a series of regulatory 

requirements administered by The Agriculture, Fisheries and Conservation Department 

(AFCD) and The Food and Environmental Hygiene Department (FEHD) personnel. 

Therefore from early 1998, water birds (ducks and geese) could no longer be sold alive 

in the retail live poultry markets (Figure 4.2).  
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Figure 4.2 Live poultry marketing system in Hong Kong post 1997 H5N1 outbreak. 
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All live ducks and geese entering Hong Kong by sea or road, and all ducks and geese 

raised locally, had to be slaughtered at a single central facility (Western Wholesale Food 

Market) and were then only available in retail markets in carcass form. No other aquatic 

birds were allowed to enter the Hong Kong (Shortridge et al., 2000). This decision was 

based on phylogenetic evidence showing that the haemagglutinin (HA) gene of the 1997 

avian influenza H5N1 virus was likely to have originated from a goose H5N1 virus 

(A/Goose/Guangdong/1/96) (Xu et al., 1999). This measure to slaughter centrally was 

therefore taken to minimise the risk of introduction of potentially pathogenic strains of 

avian influenza viruses from water birds (particularly H5 subtype viruses), into the live 

poultry marketing system to mix with other precursors of H5N1/97 that are mainly 

found in quail (Chin et al., 2002).  

Freshly killed ducks and geese (in carcass from) however, were allowed to be imported 

daily from China for the Hong Kong markets. All duck and goose farms within Hong 

Kong subsequently shut down by 2000, due to the inability to compete with the lower 

prices of these freshly killed imported carcasses from China. 

Land-based poultry, both locally raised (chickens, quail and pigeons), and imported 

birds (chickens, silky chickens, pigeons, quail, chukars, guinea fowls and pheasants) 

were still available for purchase by the general public from retail live poultry market 

stalls. The majority of the land-based poultry (including all imported and some local) 

are gathered in the wholesale market (CSW Temporary Poultry Market) and later 

distributed to the retail markets. In addition, all wooden or bamboo cages were 

abolished and standardized plastic crates purchased by AFCD became the only cages 

permitted for the transportation of live birds. The cage cleaning operation was 

contracted to one of the local poultry union organizations. Approximately 100,000 live 

chickens and 20,000 other poultry (including silky chickens, chukars, pigeons, quail, 

pheasants and guinea fowl) were sold through CSW Wholesale Market each day at that 

time for distribution to Hong Kong retail live poultry markets. Most of the birds arrived 

at the wholesale market in the afternoon and evening, and were distributed to retail 

market stalls the next morning. Few birds stayed in the wholesale market for more than 

24 hours. For some types of birds that were sold in lower volumes (such as quail, 

pheasant, chukar or guinea fowl), it was not uncommon for wholesale dealers to keep 

them for a few days longer in the wholesale market in the hope of obtaining a higher 

price.  

 57



 

The operation of retail live poultry markets has also changed since 1998. All birds sold 

in these markets must be sourced from either the centrally operated poultry wholesale 

market or directly from local poultry farms (chicken, pigeon and quail). Every retail 

stall owner has to apply for a stall license which also identifies the poultry species sold 

in the shop. All the retail markets that owned by FEHD have inspectors on site for daily 

supervision. Some of the FEHD inspectors also check on other markets/stalls owned by 

The Housing Authority, Housing Society or private owners respectively. Birds from 

wholesale markets were delivered to the individual retail stalls each morning by 

licensed transporters arranged through the licensed dealers. Delivery can also be made 

during the day when bird numbers in a retail stall run low. Within each retail stall, 

poultry were held in iron cages with faecal trays underneath. Customers still have access 

to the birds (selected birds could be caught by the stall owner or the customers 

themselves) and customers can select the bird(s) they want to purchase as before. 

Selected birds were then killed by having their throats cut and were bled out by placing 

them upside down in a v-shaped holder positioned over a barrel for the collection of 

blood. The birds were then de-feathered in a hot water bath and spinning barrel, 

eviscerated and finally packed for the customers. In approximately 50% of the retail 

stalls, birds were killed in small lots and prepared as above and the carcasses then 

displayed on a rail for customer selection. Carcasses may be displayed together with the 

carcasses of ducks or geese on the table, with or without a cooling system. Occasionally, 

the chosen birds will be tied up and taken away alive by customers for subsequent home 

kill. The total number of poultry at each stall is generally kept constant, with new stock 

brought in daily or even several times per day depending on the turnover rate of the 

individual stall. The numbers of birds and types of birds sold in each market vary 

widely according to the location of the markets (population based), and the 

socio-economic status of the nearby residents who shop at the market. The most 

common poultry species sold in the retail market stalls are chicken, silky chicken and 

pigeon. Other poultry species (such as quail, pheasant, guinea fowl and chukar) can also 

be easily found in most of the retail market stalls throughout Hong Kong. There are also 

some poultry stalls that sell only chickens. These are usually situated among other 

poultry stalls that sell mixed types of poultry in the same market, with a few exceptions 

of stand-alone chicken stalls. 
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Avian Influenza Viruses in Hong Kong live poultry markets 

Published surveillance data collected from a Hong Kong poultry dressing plant over a 5 

year period (November 1975 to October 1979), and including domestic poultry 

originating from Hong Kong and southern China, indicated that influenza virus 

occurred rarely in chickens at that time (prevalence of 0.4%) (Shortridge, 1982). It was 

postulated that for influenza to have the genetic capability to cause a human pandemic, 

it would have been most likely to have started with an avian influenza virus of duck 

origin which had undergone reassortment in the upper respiratory tract of a pig that was 

simultaneously infected with a prevailing human influenza virus, resulting in a virus 

strain containing genes from both the avian and human origin precursor strains 

(Shortridge, 1992). As a result of this hypothesis, regular surveillance efforts were 

focused on pigs for some time in Hong Kong, but no isolation of H5 was recorded 

(Shortridge, 1999). In 1997, intensive samplings for avian influenza viruses were 

commenced during the peak of the H5N1 bird flu outbreak. Samples were collected 

from different species of birds and domestic animals, with the majority of samples taken 

from retail live poultry markets. The highest prevalence by virus isolation for H5N1 was 

from chickens (19.5%), which contrasted significantly with the earlier five-year 

surveillance study (Table 4.2).  

 
Table 4.2. Comparison of avian influenza virus prevalence (H5, H6, H9 subtypes) for 1975-1979, 1997 and 
1999-2001. ND: not done. 

H5 H6 H9 Others
Duck 1975-1979 7073 17(0.2%) 86(1.2%) 17(0.2%) 338 (4.8%)

1997 329 8(2.4%) 1(0.3%) 3(0.9%) 9(2.7%)
1999-2001 346 4(1.2%) 14(4.0%) 0(0.0%) 3(0.9%)

Goose 1975-1979 1281 1(0.1%) 7(0.5%) 0(0.0%) 7(0.5%)
1997 159 4(2.5%) 3(1.9%) 1(0.6%) 3(1.9%)

1999-2001 554 8(1.4%) 2(0.4%) 0(0.0%) 12(2.2%)
Chicken 1975-1979 1649 0(0.0%) 1(0.1%) 0(0.0%) 6(0.4%)

1997 343 67(19.5%) 0(0.0%) 15(4.4%) 5(1.5%)
1999-2001 7340 11(0.1%) 8(0.1%) 438(6.0%) 24(0.3%)

Others 1975-1979 ND ND ND ND ND
1997 490 0(0.0%) 1(0.2%) 3(0.6%) 1(0.2%)

1999-2001 2355 5(0.2%) 60(2.5%) 184(7.8%) 8(0.3%)
Environment 1975-1979 ND ND ND ND ND

1997 30 0(0.0%) 0(0.0%) 11(36.7%) 0(0.0%)
1999-2001 36 0(0.0%) 0(0.0%) 0(0.0%) 0(0.0%)

Sample Year Total
Sampled

Avian Influenza Virus SubtypesSpecies

  
 
It was a clear indication that domestic chickens might have become the principal source 

of H5N1 virus for the human population in Hong Kong. During that same period, H9 

viruses were also isolated at a higher than expected prevalence (4.4%) from chickens in 
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the retail markets (Shortridge, 1999). Starting from 1998, all poultry (both local and 

imported birds including land-based poultry and ducks/geese) have been sampled, 13 

samples per consignment at the border and/or at the wholesale market for imported 

poultry from China and 13 samples per farm one week before sent to the market, and 

tested serologically for antibody against H5. Poultry will also be inspected on arrival at 

the wholesale market by AFCD staff. A negative test result is required before the birds 

can be sold to retail markets. Routine sampling at selected live poultry markets for 

virological monitoring began in April, 1999 and has continued since that time under the 

direction of the Flu Group within the Department of Microbiology, University of Hong 

Kong. There have been no further isolates of H5N1 strains identical to the isolate 

responsible for the 1997 bird flu outbreak. However, precursors of the 1997 H5N1 virus, 

the H9N2 (Guan et al., 2000) and H6N1 (Hoffmann et al., 2000; Chin et al., 2002) 

subtypes, have repeatedly been isolated from the live poultry markets. Table 4.2 shows 

the comparison of virus prevalence for three time periods (1975-1979, 1997 and 

1999-2001). The numbers show increasing isolation of H6 and H9 viruses in chickens in 

1997 compared with the near zero prevalence twenty years earlier. Another very 

significant finding was the large scale increase of H6 and H9 viruses in other species of 

land-based poultry (mainly from quail). Since there are nearly always some live poultry 

left in the markets at the end of each day, held over birds are then often mixed with new 

birds arriving on the next day. There is therefore ample opportunity for events such as 

transmission of viruses from bird to bird, from old host to new host and even for 

reassortment of components from multiple virus strains within one host. The rising 

prevalence of H6 and H9 viruses is consistent with the hypothesis that these avian 

influenza viruses (at least for H6 and H9) have now established themselves as persistent 

or endemic infections in the live poultry markets.  

Discussion 

In terms of the epidemiology of avian influenza virus in the live poultry markets, there 

are several questions to be answered. Firstly, where did these viruses come from? Since 

it is impractical to sample every bird coming into the markets, there is the possibility 

that small amounts of AIV may enter the market system undetected. The combination of 

confined space, close contact, sub-optimal ventilation, and continuous entry of new 

potentially susceptible birds, appears to have produced an environment well suited to 

the establishment of persistent avian influenza infections within the poultry population. 
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There is also the possibility that illegal birds may be brought in to markets, representing 

an unknown risk of introduction of avian influenza virus. This situation is considered 

more likely to have happened for higher priced poultry such as chukar or pheasant, or 

even some waterfowl.  

Secondly, how long can the viruses exist in the poultry population before they may be 

detected or recognised? It would be difficult to detect H6 and H9 viruses without 

ongoing virological surveillance as these viruses do not usually cause any clinical signs 

in infected birds. Data indicate that the prevalence of H6 and H9 viruses has gradually 

increased in the live poultry markets in Hong Kong over the past twenty years. As for 

H5 virus, it would be a similar situation as the H6 and H9 viruses if it were of low 

pathogenicity. However the presence of HPAI in retail markets is generally rapidly 

apparent due to the large number of chicken deaths resulting from infection with highly 

pathogenic strains of AI. Recent work has suggested that birds with circulating antibody 

against H9 virus may survive infection with HPAI H5 virus and even become 

subclinical or non-clinical faecal shedders of H5 (Seo and Webster, 2001). It is possible 

that elevated H9 antibody may confer some degree of cross protection against H5. Such 

birds could act as a source of HPAI H5 in a susceptible population of naïve birds. It is 

not yet known whether this potential mechanism could be acting as a means of 

introducing infection into the Hong Kong live poultry market system. The study of 

avian influenza virus dynamics in the Hong Kong live poultry markets offers a unique 

opportunity to shed light on aspects of the epidemiology of influenza viruses because of 

the particular combination of socio-demographic characteristics that operate in both bird 

and human populations in this region of the world. 

Live poultry markets are a unique feature in many countries, including most Asian 

countries and small parts of the United States. There is more and more evidence that 

these live animal markets play an important role in virus transmission from animal to 

human or visa versa. The outbreak of Severe Acute Respiratory Syndrome (SARS) in 

2003 had proven that close contact of wild animals with human in the live animal 

markets contributed a suitable environment for viruses to cross the species barrier, 

causing disease. But why have these viruses just started their spread and increased in 

virulence for the human population, if the live animal/poultry markets have already 

existed for centuries?  

For avian influenza virus, it has long been considered to be of significance only in 
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causing disease in domestic poultry, and had caused very mild symptoms such as 

conjunctivitis in people. This belief has now been shattered due to the ability of recently 

emerged strains to infect humans and cause fatal disease. In addition, there are questions 

about why HPAI was once a common disease, then from the 1950s to the 1980s became 

regarded as a rare disease for domestic poultry, but now there are frequent outbreaks 

around the world? There is considerable controversy about the answers to these 

questions, in large part because the research evidence is limited, and hence diverse 

opinions are compatible with the available information.  As a result, different countries 

pursue control programs based on incompatible views of the epidemiology of the 

disease.   

Hong Kong was the first place to report serious human cases of H5N1 disease, and has 

been particularly successful since then in achieving control of the disease in both 

poultry and people, although infection has continue to occur in wild birds.   

In Hong Kong, there have been several government policy decisions which changed the 

live poultry marketing system and consequently changed the outcome of avian influenza 

virus infection. These major achievements included the elimination of the 1997 virus by 

the depopulation of all live poultry in the markets in 1997, after a later incursion of the 

H5N1 virus, spread was stopped again after the depopulation of poultry in the live 

poultry markets in 2001.  Prevalence of H9N2 & H6N1 in the live poultry markets was 

significantly reduced after the Hong Kong Government implemented the rest day in 

July 2001, and H6N1 virus disappeared from live poultry markets after the Hong Kong 

Government implemented the segregation of live quail from other poultry in November 

2001. It is due to the routine virological surveillance and epidemiological studies that 

have been conducted on the poultry marketing system of Hong Kong that scientists can 

have the knowledge to help the policy makers to develop and implement effective 

control and prevent measures for avian influenza. 

References 

Alexander, D. J. (2000). A review of avian influenza in different bird species. 

Veterinary Microbiology 74, 3-13. 

Alexander, D. J. (2001). Ecology of avian influenza in domestic birds. In B. Dodet & 

M. Vicari (Eds.), Proceedings of the International Symposium on Emergence and 

Control of Zoonotic Ortho- and Paramyxovirus Diseases, Merieux Foundation, 

 62



 

Veyrier-du-lac, France. pp.25-34. 

Banks, J., Speidel, E. S., Moore, E., Plowright, L., Piccirillo, A., Capua, I., Cordioli, 

P., Fioretti, A., and Alexander, D. J. (2001). Changes in the haemagglutinin and the 

neuraminidase genes prior to the emergence of highly pathogenic H7N1 avian influenza 

viruses in Italy. Archives of Virology 146(5), 963-973. 

Brugh, M. (1988). Highly pathogenic virus recovered from chickens infected with 

mildly pathogenic 1986 isolates of H5N2 avian influenza virus. Avian Diseases 32, 

695-703. 

Brugh, M. and Perdue, M. L. (1991). Emergence of highly pathogenic virus during 

selective chicken passage of the prototype mildly pathogenic chicken/Pennsylvania/83 

(H5N2) influenza virus. Avian Diseases 35, 824-33. 

Capua, I. and Alexander, D. J. (2004). Avian Influenza: recent development. Avian 

Pathology 33, 393-404. 

Chin, P. S., Hoffmann, E., Webby, R., Webster, R. G., Guan, Y., Peiris, M., and 

Shortridge, K. F. (2002). Molecular evolution of H6 influenza viruses from poultry in 

southeastern China: Prevalence of H6N1 influenza viruses possessing seven A/Hong 

Kong/156/97 (H5N1)-like genes in poultry. Journal of Virology 76(2), 507-516. 

Claas, E. C. J., Osterhaus, A., van Beek, R., De Jong, J. C., Rimmelzwaan, G. F., 

Senne, D. A., Krauss, S., Shortridge, K. F., and Webster, R. G. (1998). Human 

influenza A H5N1 virus related to a highly pathogenic avian influenza virus. Lancet 

351(9101), 472-477. 

Eckroade, R. J. and Bachin, L. A. (1986). Avian influenza in Pennsylvania: the 

beginning. In: Proc. 2nd International Symposium an Avian Influenza, U. S. Animal 

Health Association, Athens, GA. pp.22-32. 

Garcia, M., Crawford, J. M., Latimer, J. W., RiveraCruz, E., and Perdue, M. L. 

(1996). Heterogeneity in the haemagglutinin gene and emergence of the highly 

pathogenic phenotype among recent H5N2 avian influenza viruses from Mexico. 

Journal of General Virology 77(7), 1493-1504. 

Guan, Y., Shortridge, K. F., Krauss, S., Chin, P. S., Dyrting, K. C., Ellis, T. M., 

Webster, R. G., and Peiris, M. (2000). H9N2 influenza viruses possessing H5N1-like 

internal genomes continue to circulate in poultry in southeastern China. Journal of 

Virology 74(20), 9372-9380. 

Guan, Y., Peiris, J. S. M., Lipatov, A. S., Ellis, T. M., Dyrting, K. C., Krauss, S., 

 63



 

Zhang, L. J., Webster, R. G., and Shortridge, K. F. (2002). Emergence of multiple 

genotypes of H5N1 avian influenza viruses in Hong Kong SAR. Proceedings of the 

National Academy of Sciences of the United States of America 99(13), 8950-8955. 

Guan, Y., Poon, L.L.M., Cheung, C.Y., Ellis, T.M., Lim, W., Lipatov, A.S., Chan, 

K.H., Sturm-Ramirez, K.M., Cheung, C.L., Leung, Y.H.C., Yuen, K.Y., Webster, 

R.G., and Peiris, J.S.M. (2004). H5N1 influenza: A protean pandemic threat. 

Proceedings of the National Academy of Sciences of the United States of America 101, 

8156-8161. 

Hoffmann, E., Stech, J., Leneva, I., Krauss, S., Scholtissek, C., Chin, P. S., Peiris, 

M., Shortridge, K. F., and Webster, R. G. (2000). Characterization of the influenza A 

virus gene pool in avian species in southern China: Was H6N1 a derivative or a 

precursor of H5N1? Journal of Virology 74(14), 6309-6315. 

Mounts, A. W., Kwong, H., Izurieta, H. S., Ho, Y. Y., Au, T. K., Lee, M., Bridges, C. 

B., Williams, S. W., Mak, K. H., Katz, J. M., Thompson, W. W., Cox, N. J., and 

Fukuda, K. (1999). Case-control study of risk factors for avian influenza A (H5N1) 

disease, Hong Kong, 1997. Journal of Infectious Diseases 180(2), 505-508. 

Seo, S.H. and Webster, R.G. (2001). Cross-reactive, cell-mediated immunity and 

protection of chickens from lethal H5N1 influenza virus infection in Hong Kong poultry 

markets. Journal of Virology 75, 2516-25. 

Shortridge, K. F. (1982). Avian influenza A viruses of southern China and Hong Kong 

- ecological aspects and implications for man. Bulletin of the World Health Organization 

60(1), 129-135. 

Shortridge, K. F. (1992). Pandemic influenza: a zoonosis? Seminars in Respiratory 

Infections 7(1), 11-25. 

Shortridge, K. F. (1999). Poultry and the influenza H5N1 outbreak in Hong Kong, 

1997: abridged chronology and virus isolation. Vaccine 17(suppl 1). 26-29. 

Shortridge, K. F., Gao, P., Guan, Y., Ito, T., Kawaoka, Y., Markwell, D., Takada, A., 

and Webster, R. G. (2000). Interspecies transmission of influenza viruses: H5N1 virus 

and a Hong Kong SAR perspective. Veterinary Microbiology 74, 141-7. 

Sims, L. D., Ellis, T. M., Liu, K. K., Dyrting, K., Wong, H., Peiris, M., Guan, Y., 

and Shortridge, K. F. (2003). Avian influenza in Hong Kong 1997-2002. Avian 

Diseases 47(suppl 3), 832-838. 

Subbarao, K., Klimov, A., Katz, J., Regnery, H., Lim, W., Hall, H., Perdue, M., 

 64



 

Swayne, D., Bender, C., Huang, J., Hemphill, M., Rowe, T., Shaw, M., Xu, X. Y., 

Fukuda, K., and Cox, N. (1998). Characterization of an avian influenza A 

(H5NWebster, R. G., Y. Kawaoka, and W. J. Bean Jr. 1986. Molecular changes in 

A/Chicken/Pennsylvania/83 (H5N2) influenza virus associated with acquisition of 

virulence. Virology 149, 165-73. 

Xu, X. Y., Subbarao, K., Cox, N. J., and Guo, Y. J. (1999). 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 261(1), 15-19. 

 65



 

 

 66



 

 

 

 

 

 

 

Chapter 5: Epidemiological Study of Avian Influenza Viruses in Quail farms in 

Hong Kong 

 
 
 
 

 67



 

 

 68



 

Summary 

H9 and H6 subtype avian influenza viruses infecting quail contributed to the genome of 

the H5N1 virus currently circulating in Eurasia. High prevalence of infection with H6 

and H9 subtype viruses were found on three of the six quail farms operating in Hong 

Kong in 2000, and one farm was infected with both subtypes. The infections were 

asymptomatic and characterised by high incidences in young birds up to 25 days of age. 

Shedding from the respiratory system predominated over intestinal shedding. One farm 

was shown to be infected on each of three sampling occasions between August 2000 

and October 2001 and it is highly likely that both virus subtypes were endemic on that 

farm. The prevalence of H9 infection on this farm increased from 3% at 5 days of age to 

59% at 10 days of age. Seroconversion rapidly followed and was first detected at 15 

days. A similar pattern of prevalent virus excretion and seroconversion was observed for 

the H6 virus serotype, albeit later, with prevalence (by virus isolation) increasing from 

44% at 20 days of age to 74% at 25 days. The viruses were able to persist in these farms. 

Movements of birds, fomites (such as transport cages) and personnel between live bird 

markets or other farms and the quail farms may have contributed to endemicity, but 

quail appear to be effective reservoir hosts for subtype H9 and H6 avian influenza 

viruses. Since quail were sold in live poultry markets in Hong Kong at 35 day of age or 

younger, an age at which avian influenza virus circulation tends to be high, they 

probably contributed significantly to the ecology of influenza virus circulation in these 

markets. Extended stays for some species (such as quail) within the markets while 

waiting to be sold will also allow multiple viral replication cycles to occur in these birds. 

Special measures are needed to manage the risks which quail pose for maintenance and 

evolution of avian influenza viruses. 

Key words: Quail farms, H6N1, H9N2, cross-sectional study, longitudinal study. 

Introduction 

Aquatic birds are regarded as the natural reservoir of influenza viruses and provide the 

gene pool for the emergence of influenza viruses that establish themselves in terrestrial 

poultry (e.g. chicken, quail, pigeon) as well as other mammalian species (Shortridge, 

1999; Webster, 1998; Webster et al., 1992). Highly pathogenic avian influenza viruses in 

terrestrial poultry such as chicken and turkeys originate from viruses in aquatic birds 

(Alexander, 2000). Human pandemic influenza viruses of 1957 and 1968 were derived 
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through genetic reassortment of an avian influenza virus with the previously circulating 

virus in humans and pandemic influenza may be regarded as a zoonosis (Shortridge, 

1992). The H5N1 “bird flu” incident in Hong Kong in 1997 focused attention on the 

potential for avian influenza viruses to directly cross species to humans and cause 

serious human disease (Claas et al., 1998). Genetic characterisation of that virus 

suggested that the virus was generated by the reassortment between a precursor H5N1 

virus in geese (A/Goose/Guangdong/1/96) and H9N2 or H6N1 viruses present in quail 

(Guan et al., 1999; Hoffmann et al., 2000; Xu et al., 1999). Quail infected with either 

H6N1 or H9N2 viruses shed high titres of virus mainly from the respiratory tract but 

showed no signs of disease (Perez et al., 2003). Laboratory studies also showed the 

quail infected with goose H5N1 influenza viruses shed virus for longer period and took 

longer to show mortality than chicken (Webster et al., 2002). Thus viruses infecting 

quail may be important in the generation of viruses of threat to both avian (e.g. poultry) 

and human health. 

H9N2 viruses are endemic in terrestrial poultry (e.g. chicken, quail) and are 

geographically widespread throughout Asia (Cameron et al., 2000; Guan et al., 2000; 

Liu et al., 2003a; Liu et al., 2003b). These viruses have repeatedly transmitted to 

humans although only causing mild flu-like respiratory illness (Butt et al., 2005; Guo et 

al., 1999; Lin et al., 2000; Peiris et al., 1999). Although human disease was less 

dramatic than that resulting from H5N1 infection (de Jong et al., 2005; Tran et al., 2004; 

Yuen et al., 1998), these H9N2 viruses have a haemagglutinin with greater affinity for 

the alpha 2’6 linked sialic acid receptors found in human cells (Ha et al., 2001) and may 

pose a potential pandemic threat. Studies of influenza surveillance in live-poultry 

markets have demonstrated that the isolation rate of H9N2 viruses was highest in quail 

(Guan et al., 2000). It was therefore important to understand the ecology of H9N2 in 

farmed quail. 

There were in total 6 quail farms in operation in Hong Kong during the year 2000. 

Three farms had their own breeding stock, selling the broilers either to the retail live 

poultry markets or directly to the general public. The other three farms bought fertilised 

eggs, day-old chicks or layers from these breeder farms and sold eggs and birds to the 

retail poultry markets or general public. 

In May 2001 another wave of avian influenza H5N1 struck the Hong Kong live poultry 

industry. Although the H5N1 viruses were only isolated from the retail and wholesale 
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live poultry markets, all the market age poultry at local poultry farms (chickens, pigeons 

and quail) were also slaughtered due to the closure of the live poultry markets in Hong 

Kong for one month. In total 1.37 million poultry were slaughtered during that outbreak 

in order to stop the spread of the H5N1 virus. When the live poultry markets resumed 

their operation in June 2001, tighter restrictions were implemented on minor poultry, 

especially on quail, due to the higher prevalence of H6N1 and H9N2 subtype viruses 

than in other land-based poultry. The majority of the quail farms in Hong Kong ceased 

operation and closed down by June 2001. 

We report the results of two cross-sectional surveys (study 1 & 2) and one longitudinal 

study (study 3) on local quail farms in Hong Kong in 2000 and 2001 in order to have a 

better understanding of the prevalence of avian influenza virus in local Hong Kong 

quail farms. Initially, we conducted a cross-sectional sampling on all quail farms in 

Hong Kong (6 in operation during 2000) to find out the prevalence of avian influenza 

viruses in these farms, to correlate with our findings in live poultry markets. An 

age-stratified cross-sectional study was conducted on one local quail farm during May- 

June 2000 to help understand the transmission patterns of influenza viruses in quail 

farms and to help plan the longitudinal study. In addition, a longitudinal study was 

carried out during Sep-Oct 2001 in a single quail farm, the only quail farm still in 

operation in Hong Kong at that time. The purpose of this study was to find out the avian 

influenza virus transmission dynamics in local farmed quail. 

Materials and Methods 

In order to better understand the occurrence of avian influenza virus in local Hong Kong 

quail farms and the high rates of isolation of H6N1 and H9N2 viruses from quail from 

Hong Kong live poultry markets since 1999 we conducted two cross-sectional field 

studies (Studies 1 and 2) and a longitudinal field study (Study 3) on local quail farms 

during 2000 and 2001. 

Study population 

Study 1: Cross-sectional study. Six local quail farms were sampled during the Aug-Sep 

2000 period. A total of 305 tracheal, 152 cloacal and 16 faecal swabs were collected 

(see Table 5.1). Husbandry and management details were was also recorded for each 

study farm. 
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Table 5.1. H6 and H9 virus isolation test results from tracheal and cloacal swabs taken from quail of various ages 
during a cross-sectional study (Study 1) of 6 quail farms in Hong Kong. +ve = successful virus isolation; N = number 
tested; * = Breeder farms; # = Layer farms. 

F a r m  I D S t o c k
n u m b e r s

A g e
( d a y s ) N H 6

+ v e
H 9
+ v e N H 6

+ v e
H 9
+ v e

1 * 9 , 0 0 0 3 1 2 0 0
2 0 1 2 0 1
3 0 1 2 0 0

1 2 0 2 5 0 0
2 # 1 , 0 0 0 1 2 0 1 6 0 0

2 1 0 1 6 0 0
2 7 0 2 2 0 0

3 # 3 , 5 0 0 1 8 0 3 6 0 0
4 * 4 0 , 0 0 0 1 0 1 6 0 1 6 1 6 0 0

3 0 1 6 0 0 1 6 0 0
3 6 5 2 9 0 0 2 9 0 0

5 # 2 , 0 0 0 1 8 0 3 1 0 0 3 1 0
6 * 1 0 , 0 0 0 2 1 2 0 4 1 2 0 0

1 0 1 2 0 9 1 2 0 3
2 0 1 2 1 0 0 1 2 0 0
4 0 2 5 0 0 2 5 0 0

T o t a l s 3 0 4 1 0 3 0 1 5 3 0 3

N o t  D o n e

T r a c h e a l  s w a b s C l o a c a l  s w a b s

N o t  D o n e

N o t  D o n e

 
 

Study 2: Age-stratified cross-sectional study: This study was conducted on one local 

quail farm during May-Aug 2001. This was quail farm No 4 sampled in study 1. 

Tracheal, cloacal and faecal samples were collected for virus isolation, and blood 

samples were taken from the same sampled quail for serological testing against H6 & 

H9 subtype viruses (Table 5.2). 

 
Table 5.2. H6 and H9 virus subtype isolations from tracheal, cloacal and faecal swabs and serology test results from 
groups of quail of various ages during a cross-sectional study (Study 2) conducted on a quail farm in Hong Kong. +ve 
= successful virus isolation; N = Number tested; ND = not done. 
 

Age
(days) N

H6
+ve

H9
+ve N

H6
+ve

H9
+ve N

H6
+ve

H9
+ve N

H6
+ve

H9
+ve

5 20 0 0 20 0 0 12 0 0 20 0 1
10 36 0 7 36 0 0 ND 0 0 15 0 0
15 20 10 0 20 1 0 ND 0 0 ND 0 0
17 30 6 0 30 0 0 ND 0 0 11 3 5
20 20 6 0 20 0 0 14 1 0 20 1 18
30 20 0 0 20 0 0 ND 0 0 ND 0 0
35 30 1 0 30 0 0 ND 0 0 10 3 4
40 40 2 1 40 0 0 11 0 0 20 1 11
70 29 0 0 29 0 0 ND 0 0 ND 0 0

100 64 0 1 64 0 0 11 0 0 38 8 13
Totals 309 25 9 309 1 0 48 1 0 134 16 52

Tracheal swabs Cloacal swabs Faecal swabs Serology

 
 
Study 3: Longitudinal Study: A longitudinal study was conducted during Sep-Oct 2001 

on the same quail farm as the one in study 2. Tracheal, cloacal, faecal and 

environmental swabs, drinking water and feed samples were collected for virus isolation. 

Blood samples were taken for serological testing against H6 and H9 subtypes viruses. 

Samples were collected from quail at the age of 1, 5, 10, 15, 20, 25, 35 and 50 days. 

Allantoic fluid from 10- day old embryonic quail eggs was also sampled for virus 

isolation. 
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Laboratory methods 

Blood samples were collected from live quail (older than 30 days) or immediately after 

humane killing (younger than 30 days). Sera were separated at the end of each sampling 

session and stored at 4ºC. All serum samples were treated with receptor destroying 

enzyme (RDE II) overnight to remove non-specific inhibitors of haemagglutination 

prior to processing with the haemagglutination-inhibition (HI) test against H6N1 and 

H9N2 subtype viruses. These methods have been previously described (Guan et al. 

2000). No antibody tests were conducted on quail eggs.  

Swab samples were collected from both trachea and cloaca for each bird. Swabs and 

feed samples were placed in transport medium (tissue culture medium 199 with 

antibiotics), stored in an ice-packed container during transport, and either inoculated 

into 9 to 11-day-old embryonated chicken eggs within 24 hours of collection or stored at 

-70ºC for later processing. Allantoic fluid collected from 10-day-old embryonated quail 

eggs was also inoculated into 9 to 11-day-old embryonated chicken eggs for virus 

isolation. Allantoic fluid from inoculated chicken eggs was harvested after 3 days’ 

incubation at 37ºC and tested for haemagglutination reaction with freshly prepared 

chicken red blood cells. Allantoic fluids with detectable haemagglutinating agents were 

identified and subtyped using haemagglutination inhibition (HI) tests using subtype 

monospecific antisera as described previously (Shortridge et al., 1977; Guan et al., 

2000). Neuraminidase inhibition (NI) test was not performed for the samples collected 

in these three studies.  

Results 

Study 1: In this cross-sectional study, conducted on the 6 local quail farms, 305 tracheal, 

152 cloacal and 16 faecal swabs were collected during the Aug-Sep 2000 period. Forty 

of these 473 samples tested positive for avian influenza virus, of which 10 were H6 and 

33 were H9 subtype viruses. All the 10 H6 virus isolates were from quail tracheal swabs 

in the 20 day age group from one breeder farm. Thirty two out of the 33 H9 isolates 

were from quail under 10 days old and only one H9 isolate was from quail at age of 20 

days. No H6 or H9 was isolated from quail older than 20 days. In the farms (Farm No 4, 

5, 6) where both tracheal and cloacal swabs were collected, the prevalence of H9 viruses 

from trachea and cloaca was 19.0% and 2.0% respectively. Similarly the prevalence of 

H6 viruses in trachea and cloaca was 6.5% and 0% respectively.  

Study 2: In the second cross-sectional study, there were in total 309 tracheal, 309 
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cloacal, 48 faecal samples and 134 blood samples collected during May-Aug 2001 from 

Farm No 4 in Study 1. Among all the samples collected, 25 H6 and 9 H9 subtype virus 

were isolated from tracheal swabs, 1 H6 isolated from cloacal swabs (same bird also 

secreted H6 from trachea) and 1 H6 isolated from faecal samples in this study. 

Twenty-two out of 25 of the H6 subtype virus isolates were from quail between 15 to 20 

days old, and 7 out of 8 H9 virus isolates were from quail were in the 10 day age group 

(Figure 5.1). Eight birds (age group between 17 to 40 days) with H6 subtype viruses 

isolated from tracheal swabs also showed the antibody titre against H9 subtype virus. 

Twelve quail had antibodies against both H6 and H9 subtype viruses (age between 17 to 

100 days old). One quail at the age of 5 days had low antibody titre against H9 subtype 

virus.  
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Figure 5.1. Virus isolation and serological test results from the cross-sectional study on one local quail farm in Hong 
Kong (Study 2). Figure 5.1a. Percentage of quail infected with H6 and H9 subtype viruses in different age groups. 
Figure 5.1b. Percentage of quail with detectable antibodies against H6 and H9 subtypes viruses in different age 
groups. 
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Study 3: The longitudinal study was conducted on the same quail farm (No 4) 

investigated in Study 2 as the other quail farms had ceased operation since July 2001. 

There were in total 1596 swabs (including tracheal, cloacal, faecal, water, feed, 

environmental and embryonic eggs) and 337 blood samples collected during Sep-Oct 

2001. Birds in the same flock of quail were sampled at the age of 1, 5, 10, 15, 20, 25, 35 

and 50 days old. Table 5.3 shows the results of virus isolation and serology for the birds 

sampled.  
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Table 5.3. H6 and H9 virus subtype isolations from tracheal, cloacal and faecal swabs, and blood, plus serology  
results from quail sampled at progressive ages on a local quail farm in Hong Kong (Study 3). 
 +ve = successful virus isolation; N = Number tested; * = 10-day-old embryonated eggs. ND = not done. 

Age
(days)

Sample
Type N H 6 +ve H 9 +ve N H 6 +ve H 9 +ve

(10)* Egg 98 0 0
1 Trachea 42 0 0

Cloacal 44 0 0
Faecal 10 0 0
Blood ND ND 30 0 6

5 Trachea 71 0 2
Cloacal 71 0 0
Faecal 10 0 0
Blood ND ND 21 0 0

10 Trachea 138 1 82
Cloacal 138 0 1
Faecal 10 0 0
Blood ND ND 50 0 0

15 Trachea 104 2 48
Cloacal 104 0 0
Faecal 10 0 0
Blood ND ND 50 0 20

20 Trachea 25 11 0
Cloacal 25 0 0

25 Trachea 100 74 0
Cloacal 100 6 0
Faecal 10 0 0
Blood 50 4 0 50 3 38

35 Trachea 112 1 0
Cloacal 112 1 0
Faecal 10 0 0
Blood 50 0 0 69 28 56

50 Trachea 67 0 0
Cloacal 67 0 0
Faecal 10 0 0
Blood ND ND 67 32 38

Totals 1588 100 133 337 63 158

Virus Isolation Antibody Detection

 
 
There were in total 98 H6, 2 H6/H9 and 142 H9 subtypes of avian influenza viruses 

isolated from these samples with 91 H6, 2 H6/H9 and 141 H9 isolates from tracheal 

swabs. H6 subtype viruses were isolated from the quail at age group between 10 and 35 

days with peak of virus isolation in the age group of 25 days (84 out of 98). In this age 

group, 4 of 50 non-clotted blood samples tested for virus isolation yielded H6 viruses. 

Five out of seven quail with H6 isolated from cloacal swabs also had H6 isolated from 

tracheal swabs. There were 142 H9 isolates within age group range from 5 to 20 days, 

with 83 of these isolates from the 10 day age group and 46 from quail in the 15 day age 

group.  

Serological results showed that 6 out of 30 serum samples from 1 day old chicks were 

positive for H9 antibodies. Antibodies against either H6 or H9 could not be detected at 5 

and 10 days of age. Antibodies against H9 virus can be detected again in the 15 day age 

group and the number of quail with H9 antibodies reached a peak in the 35 day age 

group (Figure 5.2). Antibodies against H6 were detectable from the quail at age group 

of 25 days and increased the number of positives significantly in the age group of 35 

and 50 days. There were 52 quail at aged between 25 to 50 days which had serum 
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antibodies against both H6 and H9 subtype viruses, and one of these quail also shed H6 

subtype virus from the trachea in spite being seropositive. 

Figure 5.2. Virus isolation and serological test results for the longitudinal study on one local quail farm in Hong Kong 
(Study 3). Figure 5.2a. Percentage of quail infected with H6 and H9 subtype viruses in different age groups. Figure 
5.2b. Percentage of quail with detectable antibodies against H6 and H9 subtype viruses in different age groups. 
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Discussion 

Several studies conducted on the live poultry markets in Hong Kong have indicated that 

quail play an important role in the transmission of avian influenza viruses (Chin et al., 

2002; Guan et al., 2002). In our studies, quail infected with either H6 or H9 subtype 

viruses showed no sign of disease. They shed viruses mainly from the respiratory tract 

(see Tables 5.1, 5.2) which correlates with the results of experimental infection of quail 

(Perez et al., 2003). It was generally believed that influenza viruses replicate primarily 
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in the intestinal tract (Webster et al., 1978). However, recent H5N1 viruses also appear 

to replicate to higher titres in the respiratory tract (Sturm-Ramirez et al., 2004). 

Environmental samples (drinking water, feed) on the quail farm did no yield any 

influenza viruses. A limited number of flies and mosquitoes captured in these farms 

were negative for virus isolation but these results are inconclusive in view of the small 

number of specimens tested. There is evidence from other studies that flies can carry 

avian influenza viruses (Bean et al., 1985) and play a role in the mechanical 

transmission route. It is notable that H6 virus was isolated from the blood of 4 of 50 

birds indicating that viraemia can occur with low pathogenic influenza viruses and 

occurs with minimal overt symptoms. Furthermore, H6 virus shedding can occur from 

the trachea even in birds that have seroconverted to the virus.  

Our studies also showed that the age of quail is important in the complex transmission 

pattern of avian influenza viruses in the live poultry markets. Live bird markets are ideal 

settings for maintenance and dissemination of avian influenza viruses, with their mix of 

multiple species of aquatic and terrestrial birds, close contact between species, constant 

replenishment of susceptible birds and extended stays for some species within the 

markets while waiting to be sold. Quail, in particular, are often kept in markets for many 

days and the birds are subject to stress of the transfer from farm to market, and being 

held in often crowded cages in live bird markets. Local farmed quail in Hong Kong 

were usually brought to the markets at the age of 35 days before they reach puberty. 

From our study we estimate that around 41% of these quail were H6 seropositive and 

81% H9 seropositive. This would have left more than 50% of the quail supplied to live 

poultry markets from local quail farms susceptible to H6 subtype virus and nearly 20% 

susceptible to H9 subtype virus when they were sold to the live poultry market. But 

since some quail farms have lower virus endemicity, it is likely that the susceptible 

population of quail for each virus may be higher.  

Imported quail were usually sold to the market at ages younger than 35 day-old as quail 

were sold according to their size rather than their weight. If the imported quail from 

nearby provinces of China had similar H6/H9 transmission dynamics to the Hong Kong 

farmed quail, we would predict that they would have higher prevalence of virus carriage 

for these viruses, potentially contributing even more to the circulation of influenza 

viruses within live poultry markets. 

As a result of data from epidemiological and viral genetic studies, the Government of 
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the Hong Kong SAR banned the sale of live quail in the markets that sell other live 

poultry after the outbreak of H5N1 viruses in live poultry markets in Hong Kong in 

2001. As a result, the sale of live quail in these markets has effectively ceased. This has 

also led to the closure of all but one local quail farm in Hong Kong. This remaining 

local quail farm supplied killed quail to the zoo and marine park, and small numbers of 

live quail to individuals who continue to sell live birds outside of the live-poultry 

market system. Imported quail carcasses can occasionally be purchased at some live 

poultry market stalls. These changes have contributed to the reduction of H9N2 and 

H6N1 virus excretion in live poultry markets in Hong Kong (unpublished data). 

However, live poultry markets in China, Southeast Asia and other parts of the world 

continue to market a mix of many different species of aquatic and land-based birds 

(including quail). With the outbreaks of HPAI H5N1 in China and Southeast Asia since 

2003-2004, public health officials may need to pay more attention to the possible role 

played by quail in maintenance of avian influenza viruses in their live poultry marketing 

systems. 
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Summary 

A dual longitudinal study of bird turnover and the circulation of avian influenza viruses 

in three live poultry market stalls in Hong Kong were conducted on three separate 

occasions during 2001 and 2002. The three stalls studied varied from high total turnover 

with seven poultry species (3,500 chickens and 950 other species per week), to low 

turnover and only three species (1,400 chickens and 315 other). Groups of chickens 

were randomly selected for the study from among birds arriving from China.  They 

were individually identified with leg bands and sampled at the live poultry wholesale 

market, then delivered to the retail stalls the next morning. Banded chickens were 

monitored daily until sold to customers, and turnover of chickens and other species was 

measured. Chickens were sold predominantly on days 2 and 3 (86%), with remaining 

sales being on days 1 and 4. Six other species of poultry were kept in two of the stalls, 

and two species in the third. These other species had much slower turnover, with sales 

fluctuating more widely and unpredictably.  

H6 and H9 avian influenza viruses were present in stalls during the studies, but not 

H5N1. Species such as quail which spent longer periods in the stall at an earlier age 

than chickens were found to harbour both H6 and H9 viruses at various times.  

Chickens were only found with H9, and prevalence in stall 1 (which gave the most 

positives) peaked on day 2 after arrival. Keeping of pet roosters continuously in stalls 

and re-use of washing water were considered to be risk factors, and H9 virus was 

isolated from both sources. Chickens began excreting H9 virus in increasing numbers 

rapidly after arrival, but not H6 although this was present in other species in the stall.  

It is likely that transmission occurred both when birds were passing through the 

wholesale market, and in retail stalls from species which were resident for longer 

periods.  

Key words: Retail market stall, longitudinal study, H6N1, H9N2. 

Introduction 

Influenza viruses have been shown to infect a wide range of birds, including domestic 

poultry (especially chickens, turkeys and ducks), and all major families of caged and 

free-living birds (Alexander, 2000). The frequency of virus isolation and the variation in 

subtypes reported in ducks and geese has exceeded those from other species. It seems 

that the avian influenza viruses, perpetuated in free-living birds and especially 
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migratory waterfowl, represent the origins of all influenza viruses infecting domestic 

birds and mammals (Hinshaw, Webster, and Turner, 1980; Webster et al., 1992).  

Evidence for outbreaks in domestic poultry resulting from viral spread from free-living 

birds is largely circumstantial, but nevertheless overwhelming (Alexander, 1986). 

However, surveillance for influenza A viruses and investigation of subtype variation in 

wild birds has been generally unsuccessful in predicting risks to domestic birds or 

mammals.  Surveillance studies in Hong Kong in the early 1980s indicated that the 

domestic duck is the principal reservoir of influenza viruses in the countryside of 

southern China (Markwell and Shortridge, 1982; Shortridge, 1982), where the region’s 

particular agricultural ecosystem appears to have created a large and diverse reservoir of 

influenza viruses. At the same time, cultural preferences for freshly killed poultry have 

resulted in increasing numbers of live poultry retail markets throughout the region. 

These sell live chickens, pigeons, guinea fowl, pheasants, quail and chukar/partridges, 

as well as waterfowl such as ducks, geese and aquatic game birds. This mixture has 

resulted in an “avian influenza virus melting pot” in a population of birds which has 

very close contact with humans.  

Evidence clearly identifying the association between live poultry markets (LPMs) of 

Hong Kong and avian influenza (AI) has continued to accumulate since 1997, when the 

highly pathogenic avian influenza virus H5N1 found on chicken farms in the New 

Territories of Hong Kong was also isolated from live poultry markets in this region 

(Shortridge, Peiris and Guan, 2003) and 18 human H5N1 cases occurred, of which 6 

were fatal. This led to concerns that this virus could be a strong candidate for causing 

the next influenza pandemic (Guan et al., 2004; Shortridge, 1999). A study of human 

H5N1 cases identified exposure to live poultry as a risk factor for the disease, by the 

exposed individuals visiting either a retail live poultry stall or a market selling live 

poultry (Mounts et al., 1999).  

This study was designed to build on this earlier evidence of an association between 

avian influenza viruses and live poultry markets to provide a better understanding of the 

inter-relationships between the live bird market operation and the transmission, 

evolution and persistence of avian influenza viruses.  
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Materials and Methods 

Study design: 

Stall owners or operators were contacted and asked to participate in this study. Poultry 

dealers at the wholesale market were then contacted by the stall owners to grant access 

for initial sampling to the chickens which were to be sold subsequently to the stall 

owners. Groups of 50 randomly selected chickens were individually identified with leg 

bands soon after they arrived from southern China at the live poultry wholesale market. 

Blood and swab (tracheal and cloacal) samples were collected from each banded bird. 

Banded birds stayed overnight at the wholesale market with other poultry which came 

in at the same time, before being transported to the selected live poultry market study 

stalls the following morning in accordance with standard practice. 

Swab samples were collected daily in the study stalls from each banded bird until it was 

sold to a customer. Faecal swabs were also collected from faecal trays under cages 

housing un-banded poultry, and cloacal and tracheal swabs were taken from other 

species (quail, pheasant) where circumstances allowed. Water samples taken from water 

tanks for carcass washing and water troughs for caged birds were also tested. The entire 

operation of each study stall was observed directly (by NK and an assistant) for every 

processing day until all banded birds had been sold. 

Virus isolation:  

All swab samples were stored at -80ºC on the same day after collection. Samples were 

later inoculated into 9 to 11-day-old specific pathogen free (SPF) embryonated eggs via 

the chorio-allantoic cavity route for virus isolation, using previously described 

procedures (Shortridge et al., 1977). The inoculated embryonic eggs were incubated at 

37ºC for 72 hours. Allantoic fluids were harvested and tested for the presence of avian 

influenza virus by haemagglutination (HA) and screened by 

haemagglutination-inhibition (HI) tests with known antisera against avian influenza H5, 

H6, H9 subtype viruses and Newcastle disease virus. 

Serology:  

Serum samples were separated from the clotted blood samples on the day of collection 

and stored at -20ºC for later processing. All serum samples were heat inactivated at 

56ºC overnight and tested for the presence of H5, H6, H9 and Newcastle disease 
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antibodies by haemagglutination-inhibition (HI) tests with H5N1  

(A/quail/HK/SF203/2001), H6N1 (A/quail/HK/1721/2001), H9N2 

(A/Duck/HK/Y280/1997) and Newcastle disease virus (field isolate from market stall). 

Descriptive epidemiology 

Stall 1: This stall had participated in the monthly live poultry market surveillance 

programme conducted by the University of Hong Kong since 2000, and was one of 10 

stalls situated in the government-owned (Food, Environmental and Hygiene Department) 

public market building in Hong Kong Island with on-site health inspectors. Poultry 

species constantly stocked in stall 1 included chicken, pigeon, silky chickens, guinea 

fowl, quail, pheasant and partridge. All poultry were housed in multi-layer cages with 

faecal trays underneath each layer. Chickens, pigeons and guinea fowl were killed in 

small lots (five to ten for chickens and pigeons and one to two for guinea fowl each time) 

and displayed on tables for customer selection. Chickens were also killed in bigger lots 

(10 to 20 each time) for orders from nearby restaurants. Thawed (previously frozen) 

duck carcasses and gizzards (after other parts of the gastrointestinal tract been removed) 

were also displayed on the same tables. Poultry displayed on the table were constantly 

hosed with fresh water as there was no cooling system operating for the carcasses.  

Other species of poultry such as pheasant, quail, chukar/partridge, and occasionally 

chickens were personally selected by the customer and then killed and dressed by the 

stall worker. Faecal trays were emptied and rinsed during lunch time and the whole stall 

was hosed down at the end of the day. Table 6.1 shows the average number of 

carry-over stock, number of new stock that arrived at the stall and the number of poultry 

sold each day while under observation. All poultry stocked in Stall 1 were imported 

from China. This stall was operated all year round (seven days a week) with stock on 

site overnight except for one day once a month, known as market rest day. On this day 

all poultry in the stall were killed and no poultry were allowed to be in the stall on this 

day.  

Stall 2: This stall has also participated in the monthly live poultry market surveillance 

programme conducted by the University of Hong Kong since 2000. It comprised two 

stalls, located in the FEHD public market building in central Kowloon, with on-site 

health inspectors. Stall 2 stocked the same species of poultry as Stall1 but in larger 

quantities, especially for chickens (see Table 6.1 for Stall 2). Due to the new regulation 
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requiring the separation of live quail for sale from other live poultry from October 2001, 

only freshly killed quail (imported from southern China) were sold in the stall. These 

quail were eviscerated and displayed on the cooling table. Most of the poultry sold 

through Stall 2 were imported from southern China, but around a third of chickens came 

from several local chicken farms. All poultry in the stall were housed in multi-layer 

cages except for one rooster which roamed freely within the stall during the day and 

was caged at night. Most of the poultry in Stall 2 were also pre-killed and displayed on 

the cooling table together with the duck carcasses and gizzards. Chickens were also 

killed in batches of 20-30 birds to fulfil orders from nearby restaurants. 

Stall 3: This stall did not participate in the live poultry market monthly surveillance 

programme. It was situated in a small public market complex with no on-site health 

inspector, near a 14 hectares park which comprised an enclosed aviary and two ponds 

that hold many water birds imported from overseas countries. There was in total three 

live poultry stalls in this market, which mainly catered for the local Muslim community 

(halal killing). Poultry in Stall 3 were mainly chickens with small numbers of silky 

chickens and pigeons (see Table 6.1 for Stall 3). Chicken were sourced from both 

Chinese and local farms, whereas silky and pigeon were imported from China through 

the stock dealers. All poultry were housed in multi-layer cages except for one rooster. 

This rooster had belonged to the stall owner as a pet for nearly a year. The rooster 

roamed freely around this market during the day and went home with the stall owner 

after the stall closed. 

Results 

Chicken turnover in the study stalls 

The average poultry turnover rates in each stall are summarised in Table 6.1. Stall 2 had 

the highest turnover rate compared with the other two stalls. Common practice for the 

stall owners was to keep constant number of carryover stock in the stall in order to meet 

the early morning order from local restaurants while receiving new stock in the next day. 

Table 6.2 shows the turnover rates for the banded chickens in this study. 
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Table 6.1. Poultry species in each study stall and their daily stock number (averaged by the days under 
observation) including the number of carry-over stock, new add-in stock, and number of poultry sold. *: 
freshly killed quail imported from southern China 
 
 Poultry Species 
  Chicken Pigeon Silky chicken Guinea fowl Pheasant Quail Partridge 
Stall 1 Carry-over 215 41 20 15 18 15 11 
 New stock 200 

(daily) 
100 
(daily) 

60    
(weekly) 

30     
(weekly) 

10 
(weekly) 

30 
(weekly) 

20 
(weekly) 

 Sold 210 78 12 5 1 15 5 
Stall 2 Carry-over 571 31 45 15 11 20 13 
 New stock 500 

(daily) 
100 
(daily) 

30      
(daily) 

30     
(weekly) 

20     
(weekly) 

20*    
(daily) 

20     
(weekly) 

 Sold 500 80 30 5 5 10 3 
Stall 3 Carry-over 150 20 10 0 0 0 0 
 New stock 200 

(daily) 
40 
(daily) 

30      
(daily) 

0 0 0 0 

 Sold 200 25 20 0 0 0 0 
 

 
 
Table 6.2. Number of banded chickens killed per day (turnover rate) in each study stall. 

 
Days in stall 

 Day 1 Day 2 Day 3 Day 4 

Stall 1 14 17 12 7 
Stall 2 0 26 24 Nil 
Stall 3 0 28 22 Nil 

 
Virus Transmission 

Stall 1: Blood samples were taken from all banded chickens before entering the retail 

stall and again at slaughter, together with 324 swab samples (tracheal and cloacal) and 

120 faecal swabs and 12 water samples (water trough and wash tank) taken over the 

four sampling days. Virus isolation and serology results are tabulated in Table 6.3 and 

Table 6.4. One banded chicken (No 11), which was H9 virus positive (virus titre at 

10240) at the wholesale market stayed in the stall until the last day of the sampling 

period and appeared to act as a source of infection for other chickens in the same and 

nearby cages. There were 13 tagged chickens infected with H9 virus at the end of Day 1, 

and a further 13 tagged chickens were found infected with H9 virus on Day 2. Figure 1 

shows the survival curve for tagged chickens infected with H9 virus during the 

sampling period. H6 viruses were isolated from tracheal swabs taken from quail on Day 

1. No H9 virus was detected in faecal and water samples from this stall until Day 3, 

when H9 viruses were isolated from the water trough in the cage with tagged chickens, 

and the faecal swabs from connected cages and nearby stand-alone cages on days 3 and 

4. On day 4 H9 viruses was also isolated from the water tank which was used for 

washing the carcasses. 

Tracheal, cloacal and blood samples were also taken from 10 quail on day 4. There were 
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in total four H6 viruses and five H9 viruses isolated from tracheal swabs (Table 6.3). 

Serology results showed that three of the four quail infected with H6 virus carried H9 

antibodies, whereas all the quail infected with H9 virus did not carry any antibodies. 

Table 6.3. Virus isolation and serology results for the 50 tagged chickens during 4 days stay in Stall 1. 
 

Number of Samples Virus isolation Serology 
Day Tracheal Cloacal H6 H9 H9 H9/NDV NDV Nil Total 

0 50 50 Nil 1 6 8 21 15 50 
1 50 50 Nil 13 1 6 6 1 14 
2 36 36 Nil 25 1 4 10 2 17 
3 19 19 Nil 15 1 3 3 5 12 
4 7 7 

 

Nil 3 

 

2 2 3 0 7 
 
 
 
Table 6.4. Virus isolation results for samples taken from Stall 1 during 4 day sampling. Q: quail, C: chicken, P: 
pigeon, Sc: silky chicken. 
 

Number of Samples Virus isolation 
Day Tracheal Cloacal Faecal Water H6 H9 

1 5 (Q) - 20 2 3 (Q-tracheal) Nil 
2 - - 23 2 Nil Nil 
3 - - 23 2 Nil 3  

(C-faecal) 
4 10 (Q) 10 (Q) 29 6 

 

4 (Q-tracheal) 5 (Q-tracheal) 
3 (water) 
6 (C-faecal) 
1 (P-faecal) 
1 (Sc-faecal) 

 
 
 
Figure 6.1. Survival curve (with 95% confidence limits) for tagged chickens becoming infected with H9 viruses in 
Stall 1.  
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Stall 2: There were 346 swabs (tracheal and cloacal) obtained from tagged chickens, 

plus 164 faecal, 8 tracheal, 8 cloacal and 6 water samples taken from the stall over three 

days. Results for tagged chickens are shown in Table 6.5. Blood samples were taken 

from all tagged chickens before entering the stall and at the time of slaughter in the stall. 

Serology results showed that one out of 50 tagged chickens carried H9 antibodies only, 

40 chickens carried both H9 and NDV antibodies, 8 chickens carried NDV antibodies 

and only one chicken did not have H9 or NDV antibodies at the start of the study. The 

serological status of these tagged chickens was the same at slaughter as it was on entry 

to the stall. The only tagged chicken that did not carry both H9 and NDV antibodies was 

infected with H9 virus on day 2 in the stall.  

 
 
Table 6.5. Virus isolation and serology results for the 50 banded chickens during 3 days stay in Stall 2. *: One chicken 
died in the pen, no blood sample was taken 
 

Number of Samples Virus isolation Serology 
Day Tracheal Cloacal H6 H9 NDV H9 H9/NDV NDV Nil Total 

0 50 50 Nil Nil Nil 1 40 8 1 50 
1 50 50 Nil Nil Nil - - - - - 
2 49 49 Nil 1 Nil - 22 3 - 26* 
3 24 24 

 

Nil 1 Nil 

 

- 20 4 1 24 
 
Table 6.6 shows the virus isolation results for samples taken from Stall 2 for untagged 

poultry. One H6 and one H9 virus were isolated from the same faecal swab taken from a 

cage housing pheasants on day 1. The rooster which roamed freely in the stall was also 

sampled on Day 1 and H9 virus was isolated from its tracheal swab.  
 
 
Table 6.6. Virus isolation results for samples taken from Stall 2 during 3 day sampling. Ph: pheasant C: chicken 
 

Number of Samples Virus isolation 
Day Tracheal Cloacal Faecal Water H6 H9 NDV 

1 3 3 56 2 1 (Ph-faecal) 3 (Ph-faecal, 
C-tracheal, faecal) 

4 (C-cloacal, faecal) 

2 2 2 59 2 Nil 2 (C-faecal) 10 (C-cloacal, faecal) 
3 3 3 49 2 

 

Nil 3 (C-faecal) 5 (C-cloacal, faecal) 

 
 

Stall 3: There were 344 swabs (tracheal and cloacal) taken from tagged chicken and 88 

faecal swabs taken from untagged birds, 2 tracheal swabs taken from the rooster, and 6 

water samples taken in Stall 3. Blood samples were also taken before arrival and at 

slaughter from all tagged chickens. Table 6.7 shows findings from Stall 3. 
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Table 6.7. Virus isolation and serology results for the 50 banded chickens during 3 days stay in Stall 3.  
 

Number of Samples Virus isolation Serology 
Day Tracheal Cloacal H6 H9 NDV H9 H9/NDV NDV Nil Total 

0 50 50 Nil Nil Nil 23 25 - 2 50 

1 50 50 Nil Nil Nil - - - - - 

2 50 50 Nil Nil Nil -13 14 - 1 28 

3 22 22 

 

Nil Nil Nil 

 

7 14 - 1 22 

 
Serology results showed that out of 50 tagged chickens, 23 carried H9 antibodies, 25 

carried both H9 and NDV antibodies and only two tagged chickens did not have either 

H9 or NDV antibodies. Both of these two chickens remained negative for H9 and NDV 

viruses, and antibody free up to the time of slaughter (one was killed on Day 2 and the 

other was killed on Day3). Five H9 viruses were isolated from faecal swabs (two on 

Day 2 and three on Day 3). Twelve Newcastle disease viruses were isolated from faecal 

swabs (3 on Day1, 5 on Day 2 and 4 on Day 3). Tracheal swabs from the pet rooster 

were negative for AI and NDV viruses. Extra blood samples were also collected from 

untagged chickens in the stall and results showed that 59% (41/69) of sampled chickens 

on Day 1, 38% (26/68) of sampled chickens on Day 2 and 48% (34/70) of sampled 

chickens on Day 3 were seropositive for H9 (Table 6.8).  

 
 
Table 6.8. Serology results for samples taken from untagged chickens in Stall 3. 

Serology 

Day H9 H9/NDV NDV NIL 

1 13% (9/69) 46%  (32/69) 41% (28/69) - 

2 6% (4/68) 32%  (22/68) 41% (28/68) 21% (14/68) 

3 11% (8/70) 37%  (26/70) 44% (31/70) 7% (5/70) 

 
Discussion 

Association between live poultry markets and avian influenza can be back dated to 

1924-25 when the first reported severe losses occurred in live poultry markets in the 

USA (Stubbs, 1965). During 1983, further HPAI outbreaks occurred in commercial 

flocks in the USA in several states. Genetic analysis of the isolates linked them to live 

poultry markets where the virus had sustained itself for a long time, and it was 

considered that the markets were the likely sources of these viruses (Bean, Kawaoka, 

and Webster, 1986). Another study conducted in the USA during the period 1993-2000 

reinforced the belief that live poultry markets were the source of avian influenza viruses 
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for commercial poultry (Panigrahy, Senne, and Pedersen, 2002). Studies conducted 

since the early 1970s in Hong Kong had also shown the live poultry markets to be a 

major source of avian influenza viruses (Shortridge, 1992). Extensive numbers of avian 

influenza viruses have been isolated from the live poultry markets in Hong Kong and 

southern China (Liu et al., 2003). All this evidence indicated that live poultry markets 

are an important amplification and dissemination site for avian influenza viruses. This 

raises the question: how exactly does the live poultry market environment sustain the 

virus? This longitudinal study on live poultry market stalls was conducted as part of an 

integrated series of studies to answer this question. 

Results showed that although the study design and method used were the same for all 

three stalls studied, the results were significantly different among these three stalls. 

Reasons for the differences included the time of study, numbers of poultry species sold 

through the stall and the poultry turnover rate of each stall.  

The study on Stall 1 was conducted in October 2001. There had not been any major 

outbreak of avian influenza in Hong Kong since 1997. The live poultry markets were by 

then more tightly regulated by the Hong Kong government as a result of the 1997 H5N1 

outbreak. No live water birds could be sold through the live poultry retail stalls, and 

imported ducks and geese were centrally slaughtered in Hong Kong and distributed to 

retail stalls. Most of the land-based poultry (such as quail, pheasant, partridge etc) were 

common in the retail stalls region-wide. Monthly virological surveillance showed that 

H6 and H9 viruses were commonly isolated from the live poultry retail markets. Stall 1 

represented a typical medium size stall with multiple species of poultry sold through the 

stall. Since most of the poultry in the stall had no prior immunity against avian 

influenza H9 virus and some birds in the stall were infected with this virus, it was able 

to transmit directly to birds in nearby cages or indirectly (through routes such as 

contaminated water or feed) to more distant cages. Exposure through drinking water 

was demonstrated by isolation of virus from water troughs. The high prevalence of H6 

and H9 viruses in quail would have acted as one of the seeding sources of viruses for 

other types of birds. 

The study on Stall 2 was conducted in May 2002 after the 2002 AI outbreak in local 

chicken farms and live poultry markets. As a result of this outbreak, the Hong Kong 

Government had further tightened local farm biosecurity, implemented a monthly 

market rest day, and segregated live quail from other birds in the live poultry markets.   
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Stall 2 represented high through put stalls, due to its location and the variety of species 

sold through this stall. Historic data from the Hong Kong University monthly 

surveillance programme indicated that Stall 2 had also had high prevalence of avian 

influenza viruses (H5, H6 and H9) in the past. It no longer had live quail in the stall, and 

the numbers of H6 and H9 virus isolates were lower than expected from past experience, 

which may relate to the removal of quail as a reservoir for the viruses. However a 

substantial proportion of the tagged chickens had pre-existing antibodies against H9, so 

no clear interpretation of the meaning of the low prevalence of viruses can be made, at 

least for H9.  

The study in Stall 3 was conducted in October 2002, at a time when increasing numbers 

of chickens imported from China were vaccinated against H5 virus on their source 

farms. A similar situation occurred at Stall 3 where 82% of the tagged birds were H9 

antibody positive. This greatly reduced the level of virus in the stall.  

One possible virus transmission route uncovered in these studies was the presence of pet 

roosters. The rooster in Stall 2 carried the H9 virus, which could have been the source 

of virus when the chickens which were kept in ground level cages became infected with 

H9 on Day 3. Other possible sources of virus included the contaminated water in the 

wash tank for washing the carcasses and viscera as all three stalls had adopted the same 

practice. Stalls with a higher turnover rate could contribute to the higher rate of virus 

transmission if the new stock did not have prior immunity to the virus. 
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Chapter 7: Transmission Dynamics of Avian Influenza Virus (H9N2) in a Replica 

of the Live Poultry Market Stall Environment 
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Summary 

Avian influenza viruses (subtypes H5N1 and H9N2) continue to pose a threat to public 

and animal health. Live poultry markets have been identified as a potential amplifier 

and disseminator of avian influenza viruses within poultry and as a source of human 

infection. We set up replica live poultry market stalls and introduced experimentally 

infected poultry in order to study the transmission dynamics of avian influenza H9N2 

within this setting. Three stalls had chicken populations of different immune status. We 

operated these stalls with no turnover in week 1, a turnover rate of 25% in the second 

week and 50% in the third week. Prior immunity to H9N2 (but not to H5N1) and spatial 

location of cages (distance from infection source) played a part in the dynamics of virus 

transmission. The replica poultry markets sustained H9N2 virus replication over the 3 

week study period.  

Key words: replicated market stall, H9N2, virus transmission dynamic. 

Introduction 

Visiting live poultry markets in Hong Kong were a risk factor associated with human  

infection with highly pathogenic avian influenza (HPAI) H5N1 in Hong Kong in 1997 

(Mounts et al., 1999). Low pathogenic avian influenza (LPAI) H9N2 virus is endemic 

in poultry across Asia (Guan et al., 2000; Aamir et al., 2006; Lee et al., 2006) and has 

also transmitted to humans causing mild influenza-like illness (Lin et al., 2000; Peiris et 

al., 1999; Guo, Li, and Cheng, 1999). Virological surveillance of different species of 

poultry in live poultry markets in Asian countries have repeatedly revealed evidence of 

avian influenza viruses of many subtypes including H9N2 and on some occasions, 

H5N1 (Guan et al., 2000; Chen et al., 2006; Smith et al., 2006; Liu et al., 2003; Nguyen 

et al., 2005). There is also evidence that live poultry markets amplify and maintain 

influenza viruses (Kung et al., 2003) and may disseminate infection back to poultry 

farms (Kung et al., 2007). These findings that suggest that live poultry markets may 

play a crucial role in the epidemiology of avian influenza. In order to have a better 

understanding of the virus transmission dynamics of influenza viruses within live 

poultry markets, we conducted an experimental study in which a live poultry market 

stall environment was replicated in a research environment and the stall operation was 

mimicked in a structured way. 
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Materials and Methods 

Virus preparation and titration 

Low pathogenic avian influenza A/Duck/Hong Kong/Y280/97 (H9N2) was used 

throughout this study. This virus was isolated from a live poultry market stall during the 

1997 H5N1 outbreak in Hong Kong (Guan et al., 2000; Guo et al., 2000) and this H9N2 

virus sublineage is commonly isolated from chicken in southern China (Guan et al., 

2000). Virus isolation and titration were conducted with specific pathogen free (SPF) 

embryonic chicken eggs following standard procedures (OIE, 2004; Senne, 1998). The 

working stock of the H9N2 virus was the third passage in 10-day-old embryonic 

chicken eggs via allantoic sac inoculation of the original materials. Allantoic fluid was 

harvested from the eggs at 72 hours post-inoculation, aliquoted and stored at -80ºC as 

source virus for the inoculation of chickens in this study. Titration of virus and the 

infectious dose given to chickens were expressed as mean egg infectious dose (EID50), 

which was calculated by using the Reed and Muench method (Reed and Muench, 1938). 

Chickens 

Chickens in this study were sourced from seven local chicken farms in Hong Kong. 

Eligible farms were selected from farms screened for antibodies against avian influenza 

H5 and H9 at routine on-farm testing programme. Chickens used in the study were all at 

market age (79 days onward). 

Preliminary study to determine challenge dose of virus  

In order to determine the infectious dose of the virus to be used in our market replica 

study, a preliminary study was conducted by inoculation two different dilutions of 

H9N2 virus infected allantoic fluid (104.8 EID50, 106.8 EID50) in two groups of chickens. 

All chickens were sourced from farms with no antibodies against either H5 or H9 

viruses. There were three chickens in each group with two chickens inoculated with 

virus suspension on day one and one chicken which received nothing, as the 

contact-control. Each chicken was inoculated with one ml of H9 virus suspension half 

through the ocular and half via the intranasal route. Tracheal and cloacal swabs were 

taken from all six birds each day for four days for virus isolation. Blood samples were 

taken from all birds on day one and day 4 for serology testing. 
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Experimental design 

Three hundred chickens were sourced from seven local chicken farms that had been 

screened for H5 and H9 antibodies in the routine poultry pre-marketing screening 

programme conducted by the Agriculture Fisheries and Conservation Department, Hong 

Kong. Birds were separated and put into three stalls according to their immune status 

screening against avian influenza viruses H5 and H9 subtypes. In Stall 1 half of the 

chickens were H9 antibody negative and half were H9 antibody positive whereas in 

Stall 2 all the chickens were H9 antibody negative. Chickens in stalls 1 and 2 were not 

vaccinated for H5N1 virus and were therefore H5N1 seronegative. In Stall 3 chickens 

were selected to be H5 antibody positive (post vaccination) and H9 antibody negative 

(Table 7.1). Each group was housed in an individual room with its own ventilation 

system (windows, fan) separate from each other. Chickens in each room were housed in 

three layers of cages to replicate the market stall situation (Figure 7.1). 
 
Table 7.1 Study design for the replica market study 

Stall 
No. 

Immune status of chicken Week 1 
(no turnover) 

Week 2  
(25% turnover) 

Week 3  
(50% turnover) 

1 All 100 chicken H5 seronegative.  
50 of 100 chicken H9 seropositive 

2 All 100 chicken H5 and H9 
sero-negative  

3 All 100 chicken H5 seropositive 
(post vaccine) and H9 
seronegative  

Virus isolation at days 
1,4,6 
Serology at day 1 
No turnover of poultry 

Virus isolation at 
days 8, 10, 12 
Serology at day 8 
 
Replace 5 chicken 
on days 8,9,10,11 
and 12 

Virus isolation at 
days 15,17,19,21 
Serology at day 21 
 
Replace 10 chicken 
on days 15,16,17,18 
and 19 

 
 
 
Figure 7.1 Spatial locations of cages in the replica market. Experimentally infected birds placed in cage 3  

Cage 1 

Cage 2 Cage 3 Cage 4 

Cage 5 Cage 6 Cage 7 

 

Two chickens in each group were inoculated with H9 virus suspension (104.8 EID50 per 

bird) on Day 1 (first week) and Day 8 (second week) through ocular and intranasal 

routes. There was no movement of birds during the first week. During the second week, 
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five birds (randomly selected) were removed from each group and replaced with five 

newly sourced birds (H5 & H9 antibody negative) every day for five days. During the 

third week, ten birds were removed daily from each group and replaced with ten newly 

sourced birds (H5 & H9 antibody negative) every day for 5 days. Blood samples and 

swab samples (tracheal, cloacal, environmental and faecal) were collected every second 

day for three weeks (Table 7.1).  

The density of chickens in cage 1 was 4 chickens in a volume of 45cm x 45cm x 39cm 

(L x W x H). Density of chickens in cages 2 to cage 7 was uniform, 16 chickens in each 

cage with dimensions of 152cm x 94cm x 37cm (L x W x H). Chickens shared two 

water troughs with neighbouring cages at the same level, that is, cages 2 and 3, cages 3 

and 4, cages 5 and 6, cages 6 and 7. Cage 2 to cage 7 had their own feed troughs at both 

end of the cages. Cage 1 had its own water and feed trough. Each layer of cages had a 

faecal tray underneath the cages and tray contents were removed daily. The fans at each 

stall were turned on during the day. 

Virus isolation 

All swab samples were stored at -80ºC on the same day after collection. Samples were 

later inoculated into 9-11-day-old SPF embryonic eggs via the chorio-allantonic cavity 

route for virus isolation using described procedures (Shortridge et al., 1977). The 

inoculated embryonic eggs were incubated at 37ºC for 72 hours. Chorio-allantoic fluids 

were harvested and tested for the presence of avian influenza virus by 

haemagglutination (HA) and haemagglutination-inhibition (HI) tests with known H9N2 

positive antiserum. 

Serology 

Serum samples were separated from the blood clot on the day of collection and stored at 

-20ºC for later processing. All serum samples were heat inactivated at 56ºC overnight 

and tested for the presence of H9 and Newcastle disease antibodies by 

haemagglutination-inhibition (HI) tests with H9N2 (A/Duck/HK/Y280/97) and 

Newcastle disease virus (field isolate from local farms in Hong Kong). 

Results 

Preliminary study to determine challenge dose of virus Table 7.2 outlines the test results 

for both serology and virus isolation. Serology results showed all six chickens were free 

of H9 antibody on Day 1. Chickens 5 & 6 showed elevated serum antibody against H9 
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virus on Day 4. Virus isolation results showed H9 viruses were isolated from all 

inoculated birds (chicken 1, 2, 4 and 5) from Day 2 onwards. Virus was isolated from 

contact chicken 3 on Day 4 (104.8 EID50 virus inoculum group) and contact chicken 6 on 

Day 3 and 4 (106.8 EID50 virus inoculum group).  

Market replica study 

There were in total 531 chickens used in the study including those at study initiation and 

those used for chicken replacement during the 3 weeks of the study. Serology and virus 

isolation results for chickens entering three stalls on Day 1 showed that there were some 

differences in the immune status and virus infections status from what was planned, 

presumably due to some chicken acquiring H9N2 infection between the time of 

screening and the commencement of the experiment (Table 7.3). Stall 1 had 56 of 100 

chickens with H9 antibody instead of 50 as planned. Stall 2 which was planned to have 

all H9 seronegative chickens had 18 of 100 chickens with H9 antibodies. Stall 3 which 

also was planned to be all seronegative in fact had 12 chickens with H9 antibody at the 

commencement of the study. Chickens in Stalls 1 and 3 were all negative for virus 

isolation at commencement of the study. However, Stall 2 had five chickens that were 

shedding H9 virus at commencement of study (Day one) 

 

Table 7.2 Virus isolation and serology in the preliminary experimental infection study. *: Chickens number 1 & 2 
were inoculated with 104.8 EID50 H9N2 virus. #: Chickens number 4 & 5 were inoculated with 106.8 EID50 H9N2 
virus. 
 
   Virus isolation  Serology 

 Animal ID  Day 1 Day 2 Day3 Day 4  Day 1 Day 4 
 1* Tracheal - + + +  <10 <10 
  Cloacal - - - -    
Group 1 2* Tracheal - + + +  <10 <10 
  Cloacal - - - -    
 3 Tracheal - - - +  <10 <10 
  Cloacal - - - -    
 4# Tracheal - + + +  <10 <10 
  Cloacal - - - -    
Group 2 5# Tracheal - + + +  <10 20 
  Cloacal - - - -    
 6 Tracheal - - + +  <10 20 
  Cloacal - - - -    
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Table 7.3. Summary of virus load and immune status of chickens in three stalls at the start of the experiment. 
 
Stall No Total number of chickens No of chickens infected with H9 Actual immune status of chickens 
1 100 2 (inoculated) 56 H5 Ab (-) & H9 Ab (-) 

44 H5 Ab (-) & H9 Ab (+)  
2 100 1(inoculated) + 5 (natural 

infection) 
82 H5 Ab (-) & H9 Ab (-) 
18 H5 Ab (-) & H9 Ab (+)  

3 100 2 (inoculated) 88 H5 Ab (+) & H9 Ab (-) 
12 H5 Ab (+) & H9 Ab (+) 

 
 
Six chickens on Day 1 and another six on Day 8 were inoculated with H9N2 subtype 

virus (2 inoculated birds per stall) with 104.8 EID50 H9 virus suspensions. Two out of 12 

virus inoculated birds carried H9 antibody on Day 1 (chicken No: 19 with H9 antibody 

titre of 1: 40 in Stall 2, chicken No: 118 with antibody titre of 1: 20 in Stall 3). These 

antibody tires increased to 1: 320 and 1: 640 dilution, respectively, by day 21. No virus 

could be isolated from chicken No: 19 at any sampling occasion whereas H9 virus was 

isolated from chicken No: 118 on Day 4 even though it then had an antibody titre of 1: 

60. H9 viruses were isolated from all ten other chickens three days after virus 

inoculation. Average day of first virus isolation for inoculated chickens is 2.64 days 

(median: 3 days, SD: 0.92, min: 1 day, max: 4 days). There were 5 other chicken in 

Stall 2 who were shedding H9 viruses on Day 1 presumably acquired by prior natural 

infection. Thus there were in total 6 birds with H9 virus in this stall at the beginning of 

the study compared to 2 chickens in Stall 1 and Stall 3 (Table 7.3).  

Among 531 chickens sampled in this study, 423 birds had virus isolated from tracheal 

and/or cloacal swabs at some stage of the study, 344 birds shed virus via the tracheal 

route, 75 birds shed via both tracheal and cloacal routes and only four birds shed virus 

via only the cloacal route. One hundred and eight birds had no virus isolated at any time 

during the study and 45 of them had H9 antibodies at the date of introduction to the 

stalls. These continued to be seropositive with increasing titres until they were removed 

(replaced by new chickens or died in the pen) or until the end of study. Sixty-three out 

of 108 chickens were removed during Week 2 and 3 (41 chickens) or were still 

seronegative at the end of study (22 chickens). All of these 22 chickens (virus-negative, 

antibody-negative) were the new birds introduced into the stalls during Week 3 (stayed 

in stalls for a period ranging from 1 to 4 days). Summary results in Table 7.4 show the 

length of time chickens stayed in the stalls and comparison of time-to-infection time 

among the three stalls. 
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Table 7.4. Statistical summary for the length of time chickens stayed in each stall and time to become infected. 
 
 Stall No Mean SD Min Median Max 
Length of time in stall 1 11.0 6.7 1 10 20 
 2 11.3 7.1 1 10 20 
 3 11.3 7.0 1 11 20 
       

1 Length of time to 
become infected 

4.0 1.5 3 3 8 
2 4.8 1.6 2 5 9 

 3 4.5 1.6 3 5 10 
 

Survival analysis was conducted by using R software (The R Foundation for Statistical 

Computing, Version 2.2.1) to generate the survival curves for each stall. Results show 

that the “survival time” (the length of time until the chicken was infected with H9 virus) 

for chickens in Stall 2 and 3 were almost identical whereas the survival time for 

chickens in Stall 1 was much longer than the other two stalls (Figure 7.2).  

Figure 7.3a shows the comparison of virus isolation rates for each stall. Stall 2 and Stall 

3 have similar patterns which reach a peak at Day 10, gradually decrease until Day 19 

and increase again at Day 21. Isolation rate for Stall 1 shows a delayed peak at Day 15. 

All three stalls have similar virus isolation rates at the end of this study. Figure 7.3b 

shows the percentage of H9 antibody detected on four sampling occasions. Forty 

percent to 60% of chickens in Stall 1 had antibody throughout the whole sampling 

period, even with a 25% turnover rate during Week 2 and a 50% turnover rate during 

Week 3. 
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Figure 7.2. Survival curves for chickens which experienced the event (infected with H9 viruses) in each stall. 
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Figure 7.3 Comparison of virological prevalence (3a) and percentage of H9 antibody (3b) for each stall during the 21 
day sampling period 
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Figure 7.4 Prevalence of H9 viruses isolated from cages 1 to 7 during 21 day study period 
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All experimentally infected chickens were placed in cage 3 in each stall as the source of 

infection. Virus transmission rates were different for each stall (Figure 7.4). In Stall 1, 

transmission was confined in cage 3 for at least 6 days before it gradually spread to cage 

4 on Day 8, to cage 2 on Day 10 and to all other cages (1, 5, 6 and 7) from Day 15 

onwards. In Stall 2, virus was isolated from chickens housed in both cage 3 and cage 4 

on Day 4, from cage 1, 5, 6 and 7 on Day 6 and all cages from Day 8 onwards. The 
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speed of virus transmission in Stall 3 was the fastest compared with the other two stalls, 

where virus was isolated from cage 3 only on Day 4 and from all cages from Day 6 

onwards. 

Discussion 

The aim of this study was to determine the transmission dynamics of LPAI H9N2 

viruses within a poultry market setting using a replica market to study the temporal and 

spatial spread of the virus. We planned to investigate the impact of prior seropositivity 

to H9 viruses and vaccine induced seropositivity to H5 viruses on their transmission. 

We sourced chickens from farms that were previously seropositive and seronegative for 

H9N2 viruses to obtain chicken with or without prior naturally acquired infection with 

H9N2. Since H9N2 is endemic in Hong Kong, the H9N2 virus status of these flocks 

keep changing and as a result, there were some minor deviations from the study plan in 

relation to the numbers of H9 seropositive birds in each stalls at the start of the 

experiment (Table 7.3). The results from this study showed there were significant 

differences in the virus transmission dynamics in each stall. In stall 1, where half of 

chickens carried H9 antibody, the virus transmission rate to susceptible birds was lower 

compared with other two stalls (Figure 7.2). The results for stall 2 and stall 3 indicated 

that there was no difference in the susceptibility to H9 virus between vaccinated (H5) 

and non-vaccinated chickens. It was expected that there would be faster and more 

extensive transmission in Stall 2 and Stall 3 which had largely H9 seronegative birds 

compared with Stall 1, and this had been confirmed by the observed experimental result. 

The results also showed that the level of infection decreased in the third week even with 

a 50% turnover rate with introduction of new H9 seronegative poultry. This result can 

be explained by the high antibody titre present in the chickens left over, which indicates 

that there could be multiple cycles of infection occurring, with individual stalls 

oscillating in a similar pattern but over different time frames. Another result regarding 

transmission of the infection is that the prevalence of infection reached a similar level 

for all three stalls near the end of the third week, as the serological status of the various 

stalls became more similar (Figure 7.3b). This may represent the virological equilibrium 

with typical turnover of birds in market stalls. The Hong Kong government 

implemented a bird-free market rest day at live poultry markets throughout this whole 

region from June 2001, which has significantly reduced the prevalence of H9 viruses 

(Kung et al., 2003). This data supports the findings from the present study that H9N2 
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viruses can establish long term endemicity within a live poultry market setting. 

Although our experiments were carried out with LPAI H9N2 viruses, these observations 

may also explain the high isolation rates of H5N1 viruses from live poultry markets in 

southern China (Chen et al., 2006; Smith et al., 2006). 

The result also shows that chickens can be re-infected with virus of the same subtype if 

their initial antibody titres were low (titres of 1: 20 to 1: 80). If the birds carried a higher 

titre of antibodies (greater than 1: 80 dilution), the challenge of virus seems to stimulate 

an anamnestic immune response to produce a much higher titre of antibodies instead of 

shedding virus.  

Comparison of the average length of time between infection and virus shedding 

between the experimentally inoculated chickens (2.64 days) and naturally infected 

chickens (4 to 4.8 days) shows that the naturally infected chickens shed virus later than 

the inoculated ones. This may possibly be due to the experimental inoculation dose 

being higher than a natural infection dose.  

Virus isolation results from this study also indicate that H9 virus is mainly transmitted 

through the respiratory route. Transmission from Cage 3 seems to affect Cages 2 and 4 

first. These cages share a common water source and this may explain the rapid 

transmission of virus. Handling of chickens (taking birds in and out of cages for 

sampling) can also be a vehicle for virus transmission. We sampled the chickens in one 

direction (from cage 1 to cage 7) and viruses were isolated progressively in accordance 

with this order more than would otherwise be expected. It should be noted that handling 

of chickens occurs also in live poultry markets. 

Whilst the replica market stalls had a lower turnover rate of poultry than the turnover 

rate in the real live poultry market stalls, this allowed the pattern of virus transmission 

to be evaluated more accurately and the findings will contribute to a better 

understanding of how avian influenza viruses are transmitted in the market environment. 

Further studies including the use of computer models to predict the transmission 

dynamics of avian influenza viruses will be greatly beneficial. With the increasing 

spread of avian influenza within countries with live poultry market systems, it is 

important for us to gain a sound understanding of the virus transmission dynamics, 

which will contribute to selecting the optimal control and preventive strategies. The use 

of a replica system allows these issues to be explored more rigorously than can be done 
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in a commercial stall. These studies also support the contention that viruses can be 

maintained and amplified within retail poultry markets and that these markets may be 

important in the transmission of infection to humans and well as in the epidemiology of 

influenza viruses within poultry.  
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Summary 

Retail live poultry markets (LPM) may act as a reservoir of avian influenza viruses 

(AIV). In this study we test the hypothesis that a “rest-day” in the LPM where the stalls 

are completely emptied of poultry, cleansed and restocked will reduce the isolation rates 

of avian influenza viruses. The isolation rate of H9N2 subtype viruses from chicken was 

significantly lower after the “rest-day” than prior to it indicating its impact in reducing 

transmission. In contrast, Newcastle disease virus (NDV) isolation rates appear 

unaffected by this intervention, possibly reflecting differences in herd immunity or virus 

transmission dynamics. 

Key words: poultry, chicken, avian influenza virus, Newcastle disease virus, live poultry 

markets, disease control. 

Introduction 

Live poultry markets (LPM) are recognized as a reservoir of avian influenza viruses 

(AIV) and a possible source of infection for domestic poultry (Senne, Pearson, and 

Panigrahy, 1992). These markets may also facilitate avian influenza virus undergoing 

reassortment as different types of birds (chicken, pigeon, quail, pheasant, Guinea fowl, 

chukar partridge, etc) are placed in cages at high density and close proximity to each 

other within markets. During the “bird flu” incident in Hong Kong in 1997, 18 people 

were infected with avian influenza virus H5N1. Exposure to live poultry at such 

markets was the major risk factor of infection for humans (Mounts et al., 1999). There 

have been several human cases infected with avian H9N2 reported in Hong Kong (Lin 

et al., 2000; Peiris et al., 1999) and in the Guangdong province of China (Guo et al., 

1999). Although there was no direct indication of involvement of live poultry markets, 

there was some history of contact with live poultry for these patients and human H9N2 

isolates were similar to avian H9N2 virus isolated from Hong Kong during 1997 

(A/Quail/Hong Kong/G1/97, A/Chicken/Hong Kong/G9/97) (Guo et al., 2000; Lin et al., 

2000). In May 2001, H5N1 virus re-emerged in Hong Kong’s LPM and the markets 

were depopulated in order to eradicate the infection. On resumption of the retail poultry 

trade in June 2001, a number of additional measures were implemented in order to 

reduce the risk posed by avian influenza virus to avian and human health. A major 

component of these initiatives was the introduction of a “rest-day” in the LPM. On a 

fixed day of every month, LPM are completely emptied of poultry (by slaughter of all 
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unsold poultry), then kept empty for one day during which time the LPM are cleaned 

and disinfected. Markets are then restocked with new poultry the following morning. 

The rationale for this intervention was the assumption that viruses re-circulate and 

amplify within the LPM system and that periodic interruption of this transmission 

would limit the increase of virus circulation within markets. There was some evidence 

from studies in Hong Kong (unpublished data) and elsewhere (Senne, Pearson, and 

Panigrahy, 1992) to suggest that viruses do re-circulate within the LPM settings but no 

direct data to support the contention that a rest-day would impact on viral burden within 

the market system. This parallel cross-sectional study was designed to test the 

hypothesis that the “rest-day” reduces the rate of influenza virus isolation within the 

LPM system. H9N2 and NDV are the viruses most regularly isolated from chicken 

within the LPM in Hong Kong (Guan et al., 2000). Hence, their isolation rates were 

compared before and after the “rest-day” in order to assess the impact of this 

intervention. 

Materials and Methods 

Poultry sampling 

These studies were carried out in two laboratories (A and B) from July to October 2001. 

Faecal swabs were collected from trays beneath birdcages in the retail live poultry 

markets within a 6-day window just prior to and just after the rest-day. In the first 

laboratory, eight retail markets were sampled in July, and seven in both August and 

September. One market dropped out during the last two months. These eight markets 

were selected from the markets sampled in a previous AIV/NDV prevalence study. 

Faecal swabs were collected from two other markets in October for submission to a 

secondary laboratory. The study population was set at the market level with the target 

population ranging from 300 to 3,000 birds for individual markets. Sample size 

estimations were based on achieving statistical power of 80% for detecting an expected 

prevalence of 6% with 95% confidence (Win Episcope 2.0). Samples from different 

types of poultry (chicken, silky chicken, pigeon, quail, pheasant, guinea fowl, chukar) 

were collected in proportion to the number present in the sampled markets with chicken 

being the predominant species sampled. 

Virus isolation and subtyping 

Individual swabs were inoculated into 9 to 11-day-old embryonated chicken eggs. 

Inoculated eggs were incubated for 3 days and AIV or NDV in allantoic fluids were 
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identified using hemagglutination-inhibition (HI) tests with specific antisera as 

previously described (Guan et al., 2000; Shortridge et al., 1977). 

Data analysis 

Data were compared to examine the effect of the “rest-day” intervention for 

July-October 2001. Data for pre “rest-day” prevalence was used as the reference for 

each month. Due to the unbalanced nature of the data (small numbers of virus-positive 

groups and large numbers of virus-negative groups), p-values and odds ratios were 

estimated using exact test in SPSS Exact Tests 7.0 for Windows. 

Results 

There were 2,218 chicken faecal samples collected during July-October 2001 with 60 

H9N2 and 30 NDV isolates recovered from these samples. The number of samples 

collected before and after the “rest-day” of each month, and the number of viral isolates, 

are shown in Tables 8.1 and 8.2.  

 
Table 8.1. Isolation rates of H9N2 viruses before and after the rest-day (*Results from Laboratory B, while all other 
results were from Laboratory A). 

H9N2 Month Markets 
sampled 

(n) 

Before / 
after 

rest-day 

Samples 
tested  

(n) 
Virus isolated  

n (%) 
Odds ratio 95% confidence 

interval 
Exect Sig. 
(2-tailed) 

Before 435 12 (3%) 1   July 8 
After 325   1 (0%) 0.11 0.01-0.84 p=0.010 
Before 280 18 (6%) 1   August 7 
After 338   3 (0%) 0.13 0.04-0.45 p<0.001 
Before 292 14 (5%) 1   September 7 
After 317   0 (0%) 0.00 - p<0.001 
Before 115   12 (10%) 1   October* 2 
After 116   0 (0%) 0.00 - p<0.001 
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Table 8.2. Isolation rates of NDV viruses before and after the rest-day (*Results from Laboratory B, while all other 
results were from Laboratory A). 

NDV Month Markets 
sampled 

(n) 

Before / 
after 

rest-day 

Samples 
tested  

(n) 
Virus isolated  

n (%) 
Odds ratio 95% confidence 

interval 
Exect Sig. (2-tailed) 

Before 435 5 (1%) 1   July 8 
After 325  5 (2%) 1.31 0.38-4.57 p=1.0 
Before 280  3 (1%) 1   August 7 
After 338 4 (1%) 1.04 0.23-4.70 p=1.0 
Before 292 9 (3%) 1   September 7 
After 317 1 (0%) 0.10 0.01-0.75 p=0.008 
Before 115  3 (3%) 1   October* 2 
After 116  0 (0%) 0.00 - p=1.10 

 
Of the 8 markets sampled between July and September, one was only sampled in July 

with no recovery of H9N2 or NDV, one remained negative for H9N2, and a third was 

negative for NDV throughout the sampling period. The 5 remaining markets all had 

either H9N2 or NDV isolated on at least one occasion. The prevalence within markets 

were ranged from 0-8.9% (before rest-day) and 0-1.7% (after rest-day) for H9N2, 

0-5.9% (before rest-day) and 0-11.1% (after rest-day) for NDV. On each occasion, the 

risk of H9N2 virus isolation was significantly lower immediately after the “rest-day” 

compared to before. The effect within each market was always in the same direction for 

H9N2 (Figure 8.1) but the pattern was inconsistent for NDV (Figure 8.2). With one 

exception (September), the isolation rates of NDV were not significantly affected by the 

“rest-day”. 

 
Figure 8.1. Comparison of H9N2 isolation rate before/after “rest-day” at different markets (M1-M8) during Jul-Sep 
2001.There was no H9N2 isolated from M2 during the sampling period. M4 was not included as no virus isolated in 
July and not sampled for this study in Aug-Sep. 
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Figure 8.2. Comparison of NDV isolation rate before and after the rest-day at 7 markets during Jul-Sep 2001. One 
market was not included as only been sampled in July and no virus isolated. 

0%

4%

8%

12%

Before After Before After Before After

July August September

 
 
Discussion 

The comparative isolation results from the same markets immediately prior to and after 

the rest-day indicates an association between intervention and reduction in risk of H9N2 

(but not NDV) virus load in the retail LPM in Hong Kong. This implies that there is 

re-circulation and amplification of H9N2 viruses within the retail LPM that contributes 

to the gradual increase of virus burden within these markets. Over the period of a month, 

H9N2 prevalence approached values found prior to the introduction of the rest-day in 

retail live poultry marketing practice (data not shown). On the other hand, NDV virus 

isolation rates were unaffected by the rest-day suggesting that isolation of this virus in 

the LPM is more a reflection of the virus brought into the LPM by newly introduced 

poultry rather than re-circulation within the markets. It is possible the vaccination of 

chickens with live NDV virus may be responsible for subsequent isolation of virus from 

birds and for the apparent lack of effect of the rest-day intervention on NDV as 

observed in this study. This difference may also be due to differences in the dynamics of 

NDV virus transmission. One study (King and Seal, 1997) showed that NDV is 

frequently recovered from surveillance samples from LPM in the USA. All NDV 

isolates in their study were of low virulence and of no apparent hazard to poultry, and 

there was considerable diversity identified in these NDV isolates. There was also some 

speculation that the isolates may have originated from vaccine strains. It is possible that 

a similar situation occurs in the LPM in Hong Kong and further characterization of the 

NDV isolates may provide a better understanding of their origin and the 

interrelationships of their epidemiology with that of avian influenza viruses. 
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In conclusion, the intervention of introducing a rest-day in the retail LPM reduced avian 

influenza virus isolation rates and this provides indirect evidence for re-circulation of 

these viruses within the retail markets. This is supported by a recent study in USA live 

bird markets where less frequent cleaning and disinfection appeared to be associated 

with increased risk of avian influenza virus isolation (Mayer, 2001). The results of our 

study need to be interpreted with some caution as the factors contributing to avian 

influenza virus infection in poultry at LPM in Hong Kong are complex and 

multi-factorial. Thus attributing a measured change to a single factor may be an 

over-simplification. This study is part of a larger ongoing program investigating 

different aspects of avian influenza infection and the results of other studies will be used 

to further investigate the possible role of the “rest-day” intervention. 
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Summary 

An epidemiological evaluation, molecular epidemiology and a case-control study were 

used to identify possible risk factors for occurrence of highly pathogenic avian influenza 

(HPAI) subtype H5N1 outbreaks in chicken farms during the first quarter of 2002 in 

Hong Kong SAR. A total of 16 case and 46 control chicken farms were enrolled for the 

case-control study. Information on the farm profile, stock sources, farm management 

and biosecurity measures was collected by personal interview using a pre-tested 

questionnaire. The risk of becoming an H5N1 infected farm was assessed using adjusted 

odds ratios based on multivariate logistic regression analysis. The epidemic appeared to 

have arisen from several H5N1 introductions of three different H5N1 virus genotypes as 

single transmission events, which were then either controlled on the farm by stamping 

out or spread laterally to farms which shared local exposure factors. Farm operations 

related to live retail poultry marketing (selling chickens directly to retail markets, 

visitors from retail market) were strong risk factors for infection on farms. The evidence 

implicated movement of people, animals or other products from live poultry retail 

markets back to farms as the main source of on-farm exposure to infection. Live poultry 

markets are commonplace across Asia and these findings are relevant for the control of 

H5N1 disease in poultry in this region and the attendant pandemic threat posed to 

humans. 

Key words: Case-control study, risk factor, H5N1, chicken farms. 

Introduction 

The outbreak of highly pathogenic avian influenza A (HPAI) H5N1 affecting poultry 

across Asia and beyond poses threats to both human and animal health. Attempts to 

control outbreaks of this disease in poultry have become a regional and global priority 

(FAO, 2005; WHO, 2005). There is however, a paucity of reliable epidemiological data 

on routes of virus transmission and perpetuation in poultry within affected countries. 

The Hong Kong Special Administrative Region was confronted with repeated outbreaks 

of HPAI H5N1 outbreaks in poultry from 1997 onwards (Guan et al., 2002; Shortridge, 

1999a; Sims et al., 2003a; Sims et al., 2003b). The first outbreak in poultry in the farms 

and live poultry markets of Hong Kong in 1997 was associated with the first recorded 

transmission of H5N1 to humans with 18 cases and 6 deaths (Claas et al., 1998; Lee, 

Mak, and Saw, 1999). The outbreaks of H5N1 in poultry and in humans were controlled 
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by slaughtering of all poultry in all markets and local farms and cessation of all trading 

of live poultry for 7 weeks. No more human case were reported following these 

interventions and this particular genotype of H5N1 virus has not been detected in 

anywhere again (Shortridge, 1999).  

There were no further outbreaks of H5N1 disease in poultry until 2001 when disease 

was detected in the live poultry retail markets in Hong Kong. Poultry farms were 

unaffected at this time. This led to a slaughter of poultry in the live poultry markets in 

Hong Kong. However, in January 2002 H5N1 viruses and disease were again detected 

in Hong Kong wholesale and retail poultry markets (Guan et al., 2002; Guan et al., 

2004). Trace-back of disease from the wholesale poultry market led to detection of 

disease on 1st February 2002 on a chicken farm located in a densely populated chicken 

farming area of the New Territories area of Hong Kong. By late March, 17 chicken 

farms located within 2km, and 4 within 2 to 5km of the index farm, were confirmed as 

infected (Sims et al., 2003b). The epidemic was controlled by a combination of 

depopulation of infected and contact farms, quarantine and enhanced biosecurity, and 

finally, vaccination (Ellis et al., 2004). This paper reports the results of an 

epidemiological investigation of the outbreak of 2002, including a case-control study 

which was used to identify risk factors associated with poultry infection in farms. These 

findings may provide an insight into the mechanisms of spread of H5N1 HPAI in the 

wider Asian region. 

Materials and Methods 

Study Population 

At the time of the outbreak, there were 146 chicken farms in Hong Kong with a holding 

capacity of just under 3 million birds. These farms supplied approximately 20% of the 

poultry consumed within Hong Kong, the remaining approximately 80% being imported 

from farms in the nearby southern provinces of China. All land-based poultry were 

usually delivered to a single wholesale poultry market from where they were resold to 

individual live poultry retail markets. Domestic waterfowl, imported by boat from 

China, were delivered daily to a geographically separate wholesale market for slaughter 

and sale as chilled poultry. The cultural preference amongst Asian countries for freshly 

killed poultry has resulted in large numbers of poultry being sold live in the live poultry 

markets (850 retail poultry market stalls across Hong Kong). A number of management 

changes were imposed on the system in 1998 to reduce risk of virus introduction to the 
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live market system. Plastic poultry cages were introduced for transporting land-based 

poultry. Cages with poultry arriving from the local poultry farms or those with imported 

poultry from China were washed in the wholesale market and returned to their place of 

origin. Poultry were sorted according to weight and put in other washed plastic cages in 

the wholesale market and transported to the retail poultry markets the next day. Direct 

sale of poultry from farms to retail markets was discouraged but still continued to occur 

to a limited extend. Details of the live poultry marketing system and various compliance 

requirements imposed by Hong Kong authorities are described in a companion paper 

(Kung et al, in preparation 2006). 

After 1997, the Hong Kong Government set up a Farm Hygiene section under the 

Agriculture, Fishery and Conservation Department for local poultry farms surveillance. 

Their surveillance functions included monthly testing for presence of avian influenza 

and Newcastle disease viruses, testing for serological evidence of H5, and on farm 

monitoring of disease and production. Discovery of H5N1 in retail poultry markets 

triggered trace-back which identified several clinically affected farms and led to 

intensive on farm investigations which identified more infected farms. Clinical disease 

and H5N1 virus isolations occurred on 22 of the 146 active chicken farms in Hong 

Kong SAR during the 2002 outbreak. Case farms were defined as the farms that had 

H5N1 virus isolated from chickens and/or experienced disease during the outbreak. 

Control farms (46 farms) were selected from the remaining 124 unaffected chicken 

farms, using a random number generator in Excel for Windows.  

Data collection 

Data were obtained from 16 of the 22 case farms. Representatives (farmers or farm 

managers) from the remaining 6 farms were either unavailable or refused to participate 

in the study. Data were also collected from 46 randomly chosen unaffected control 

farms during the same time period. Most chickens reared in Hong Kong were sold 

through a single wholesale market, and distributed from there to retail live poultry 

markets located throughout Hong Kong. However, some farms also had arrangements 

with retail market stall holders, and dealt directly with them. These chicken farms were 

mainly concentrated in several areas in the New Territories (Kam Tin, Pak Sha, Ha 

Tsuen, San Tin, Ngau Tam Mei and Ta Kwu Ling). The affected farms were clustered in 

3 areas, namely, Kam Tin (17 farms), Hung Shui Kiu (1) and Pak Sha (4), whereas 

control farms were scattered around the New Territories except for Kam Tin, as all the 
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chickens in this locality were quarantined and then slaughtered during Feb-March 2002. 

Survey methodology 

The questionnaire (available from the principal author on request) was pre-tested on 5 

chicken farms, and then all interviews were conducted during March 2002. Table 9.1 

shows the list of factors covered in this questionnaire. Data concerning the geographical 

location, farm characteristics, stock information, flock health history, farm biosecurity, 

farm management and marketing practices were collected on each farm by personal 

interviews. Additional information such as farm area, number of sheds, and incoming 

day-old chick numbers were collected from official records held by the Department of 

Agriculture, Fisheries and Conservation. The questionnaire contained 62 closed and 26 

open-ended questions. Of the 88 questions, 77 offered single and 11 offered multiple 

value answers.  

 132



 

Table 9.1. List of factors covered in the case-control study questionnaire. 
 
Items Factors
Farm profiles
  physical description location, area, topography, truck accessability
  other animals pig farm, other species (include pet birds, wild birds, etc)
  pond, stream inside, outside, wild birds
  fence full, incomplete
  water source town-supply, well, moutain water, tank cover
Stock
  chicken and others number
  day-old chicks source, numbers, unload area (outside, inside farm)
  local farm chickens buy in, sell to
  vaccination history age administed, types, manufacturers and suppliers of vaccines
  flock health history respiratory, digestive, neurological symptoms, dementure
  survival rates age group, time period before outbreak
  medication to chicken types, suppliers, date of administration
  feed source types, suppliers, date of delivery, mode of transportation
  feed on farm sell to other farms, wild birds in feed store, feed trough
  water system drip, cup, trough
  sell to market date, number, catcher, retail/wholesale
  cages source (retail, wholesale), cleanliness
  pick-up truck enter farm
Sheds
  shed number, ventilation, floor cover, wild birds access
  free-range age groups, types and sources of bedding materials
  stocking density cage size, number of chickens per cage
  cage cleaning post sale method, detergent used, cage empty time
  manure scraper installation, frequency
Farm management
  owner live on farm, own other farm, wholesale or retail stall, relatives in poultry industr
  farm worker number, origin
  visit outside farm mainland, other local farm
  visitor number, occupation (farmer, wholesaler, retailer, feed company), enter shed
  biosecurity detergent at entrance, visitors wear protective cloth while entering the shed
  transportation chicken, feed
  manure disposal frequency of collection, truck enter the farm
  waste water disposal soak away tank or other, tank cover
  dead chicken disposal dead stock collection point, waste pit on farm  
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Virus isolation, subtyping and genotyping 

Cloacal swab samples were collected either from dead or from apparently healthy 

chickens on farms and tested by standard procedures for virus isolation (Guan et al 

2002). All influenza virus isolates were subtyped by haemagglutination-inhibition (HI), 

and neuraminidase inhibition (NI) tests, using specific antiserum. Results were 

confirmed with reverse transcription- polymerase chain reaction (RT-PCR) specific for 

H5N1 virus. Genetic sequencing and phylogenetic analysis was completed on selected 

virus isolates (Guan et al., 2004). The methods used and the genotypes identified have 

been previously described (Guan et al., 2002).  

Spatial analysis 

Global Positional System (GPS) co-ordinates for all chicken farms in Hong Kong SAR 

were obtained and entered into a digitized map (Land Information Centre, Survey and 

Mapping Office, Land Department, The Government of Hong Kong SAR), using a 

Geographical Information System (GIS) programme (ArcView 3.1). Coordinates were 

converted where necessary from latitude/longitude form to map grid on a Hong Kong 

80 datum format (Anonymous, 1995) (Survey & Mapping Office, Land Department, 

Hong Kong Government, 1995) to facilitate digital mapping and calculation of 

distances (Figure 9.1).
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Figure 9.1 Locations of chicken farms in the New Territories, Hong Kong, SAR, China. 
 
 

 



 

Statistical procedures 

Data were entered into a customised database (Access 2000) and later transferred into a 

statistical package for analysis (SPSS for Windows, version 11.0). Distributions of all 

variables by case and control status were calculated using descriptive statistics. 

Univariate analyses were conducted to test for associations between disease status and 

each explanatory variable, using t-tests for continuous variables and chi-square tests for 

categorical variables. Where it was considered appropriate, responses for some variables 

were categorised prior to analysis, with categories selected based on the distribution of 

responses for that variable. Variables from the univariate analyses which had a P-value 

<0.25 were retained for consideration in a multivariate statistical model. Multivariate 

logistic regression analysis was then used to assess associations between independent 

variables and the outcome of interest (case or control status), while controlling for other 

possible risk factors. Both forward and backward stepwise procedures were used to 

construct the final model. An adapted “best subsets” approach was used, in which 

variables of particular interest were forced into the initial equation and fit of various 

possible equations was used to test the influence of key variables. Model fit was 

assessed using the Hosmer-Lemeshow goodness-of-fit test (Hosmer and Lemeshow, 

2000) and the ratio of the deviance to the degrees of freedom. Adjusted odds ratios (OR) 

and their 95% confidence intervals (CI) were calculated. In all tests, a P value less than 

0.05 was considered as significant. 

Results 

Temporal and spatial pattern of genotypes 

The locations of the 22 infected farms (16 case-control study and 6 non-participant 

farms), 46 control and 78 other unaffected chicken farms are shown in Figure 9.1. Three 

different genotypes of H5N1 were involved, 13 case farms were infected with genotype 

Z, 8 with genotype Y and one with genotype X (Table 9.2). The spatial pattern showed 

strong spatial clustering of genotypes Z and Y, with some outliers. The single farm 

infected with genotype X was physically separate from the other two clusters. At the 

time of this outbreak, H5N1 genotypes Y, Z and X were isolated from poultry farms 

while genotypes Z, B, X0, X1, X2 and X3 were detected in the live poultry markets. 

Genotype Y was found only in chicken farms (Guan et al., 2004; Li et al., 2004). 
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Table 9.2. Date of identification of H5N1 infection, farm location and genotypes for all infected farms. *: infected 
farms not included in this study. 

Farm ID Date District Genotype Virus
1 1/02/2002 Kam Tin Z A/Ck/HK/86.3/02
2* 4/02/2002 Kam Tin Z A/Ck/HK/103.1/02
3 4/02/2002 Hung Shui Kiu X
4 4/02/2002 Kam Tin Y A/Ck/HK/96.1/02 (Guan et al., 2004)
5 4/02/2002 Kam Tin Z A/Ck/HK/111.1/02
6 6/02/2002 Kam Tin Y A/Ck/HK/276.2/02
7 6/02/2002 Kam Tin Y
8* 6/02/2002 Kam Tin Y A/Ck/HK/245.1/02
9 8/02/2004 Kam Tin Z A/Ck/HK/sv381/02
10 8/02/2002 Kam Tin Z A/Ck/HK/sv376.3/02
11 8/02/2002 Kam Tin Z
12 8/02/2002 Kam Tin Z A/Ck/HK/sv348.1/02
13 8/02/2002 Kam Tin Z A/Ck/HK/sv342.3/02
14 9/02/2002 Kam Tin Y A/Ck/HK/sv409.1/02 (Guan et al., 2004)

15* 9/02/2002 Kam Tin Y A/Ck/HK/sv409.1/02 (Guan et al., 2004)
16 15/02/2002 Kam Tin Y
17 16/02/2002 Kam Tin Y

18* 17/02/2002 Kam Tin Z
19 20/02/2002 Pak Sha Z A/Ck/HK/535.1/02
20 2/03/2002 Pak Sha Z A/Ck/HK/632.3/02

21* 15/03/2002 Pak Sha Z
22* 18/03/2002 Pak Sha Z  

 
Risk factors for infection of farms 

Univariate analysis: Statistical comparisons were not done for nine of the variables 

elicited from the questionnaire due either to uniformity of response across all farms or 

excessive missing data. Summary information for farm area, stock numbers, and shed 

numbers on each farm are presented in Table 9.3.  

 
Table 9.3. Descriptive analysis of farm area, standing population of chickens and number of sheds. 

Mean Median Max Min SD Mean Median Max Min SD
Farm area (m2) 4008 1700 18600 900 4684 3275 1975 28350 207 4331 0.86
Chicken count
(unit=1000)

41.3 27.5 101.4 5.6 33.3 16.2 16.0 51 3.5 10.2 <0.001

Shed number 7.4 5.5 20 2 5.9 8.0 7.5 19 1 4.4 0.65

Case (n=16) Control (n=46) P -value

 
 
Chi-squared tests of association were performed on 60 variables in the univariate 

analysis. Table 9.4 shows the 18 variables that were associated with a P-value less than 

0.25 in the univariate analysis. Affected farms were very concentrated in a small 

number of districts, compared with controls which were more widely distributed across 

districts (p<0.01). Other factors which were positively associated with case farms 

included numbers of chicken on farm, stock density, mortality rate higher in birds over 

30 days of age than in younger birds (OR=7.40, p=0.02), survival rate between 1 and 30 

days of age (OR=1.54, p<0.01), given medication during Jan-Feb 2002 (OR=4.67, 

p=0.02), selling chickens directly to retail markets (OR=11.15, p<0.01), having installed 

automatic manure scrapers (OR=4.55, p=0.02), having visitors from retail markets 
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during Jan-Feb 2002 (OR=10.00, p=0.01) and having a visitor go inside the shed 

(OR=3.94, p=0.04). Factors that had odds ratios significantly less than 1.0 for case 

farms included reporting wild birds eating in the chicken feed trough (OR=0.20, 

p=0.04), farm owner living on farm (OR=0.05, p<0.01), and having visitors from 

another chicken farm during Jan-Feb 2002 (OR=0.23, p=0.02).  

 
 
Table 9.4. Results of univariate analysis of risk factors for avian influenza virus H5N1 infection among chicken farms. 
Variables for which P value is greater than 0.25 have been excluded from the Table.*:CI denotes confidence interval. 
NA= not applicable. 

Variable Category Case Control Odds Ratio 95% CI* P  value

Pig farm within 500 metres Pig farm within 500 metres 13 29 2.54 0.63-10.21 0.226
No pig farm within 500 metres 3 17 1

Number of chickens on the farm NA NA NA NA <0.001

Stock density (chicken number / farm area ) NA NA NA NA 0.007
Age group with highest mortality Most deaths in birds 30 days or more 5 3 7.40 1.49-36.82 0.017

Most deaths in birds < 30 days old 9 40 1
Survival rate between day 1 and day 30 90% or more survival at 1-30 days 15 28 1.54 1.23-1.91 0.003

<90% survival at 1-30 days 0 18 1
Survival rate between day 31 and 60 90% or more survival at 30-60 days 11 42 0.26 0.06-1.22 0.093

<90% survival at 30-60 days 4 4 1
Survival rate over 60-day-old 90% or more survival at 60 days+ 13 44 0.20 0.03-1.31 0.103

<90% survival at 60 days+ 3 2 1
Were chickens medicated between Jan and Feb
2002 ? Medication given 12 18 4.67 1.30-16.74 0.020

No medication given 4 28 1

Were wild birds seen eating in feed troughs ? Yes 10 41 0.20 0.04-0.86 0.036
No 5 4 1

Could wild birds gain entry into the shed ? Yes 13 44 0.10 0.01-1.03 0.052
No 3 1 1

Does the farm sell chickens directly to a retail
market ? Yes 7 3 11.15 2.41-51.56 0.002

No 9 43 1

Installed automatic manure scrapers Yes 11 15 4.55 1.34-15.46 0.018
No 5 31 1

Farm owner lives on farm Yes 7 43 0.05 0.01-0.25 <0.001
No 9 3 1

Farm owner owns or part-owns another
chicken farm Yes 3 2 5.08 0.77-33.71 0.103

No 13 44 1
Farmer has relatives working in the poultry
industry Yes 4 5 2.73 0.63-11.81 0.219

No 12 41 1
Visitor from another chicken farm Yes 2 0 0.23 0.15-0.37 0.015

No 14 46 1
Visitor from retail markets Yes 5 2 10.00 1.71-58.59 0.010

No 11 44 1
Visitor went inside the sheds Yes 7 8 3.94 1.03-15.13 0.040

No 6 27 1

Farm profile:

Stock:

Shed:

Farm management:
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Multivariate analysis 

Three alternative final models were identified from the model building procedures, each 

containing variables which had significant P-values (Table 9.5). Three variables 

appeared in all models (owner lives off farm, age group with highest mortality > 30 

day-old and selling chickens direct to retail markets). Each model had one additional 

variable, which was different for the three models. They were wild birds in feed trough 

(protective, model A), number of chickens on farm (model B), and relative working in 

poultry industry (model C). Based on the Hosmer-Lemeshow statistic, model A 

provided the best fit to the data, whereas using the adjusted R2 statistic, model B had 

the highest explanatory value. In this model, farms with a non-resident owner were 12.8 

times more likely to be a case farm; farms which sell chicken directly to retail markets 

were 30.3 times more likely to be a case farm; farms with highest chicken mortality in 

birds over 30 days old were 20.5 times more likely to be a case farm, and farms with 

higher chicken numbers were 1.1 times more likely to be a case farm. When the variable 

“number of chickens on farm” was replaced by stock density (chicken number divided 

by land area), the new model still explained 43 and 63% of the variation but with the 

non-resident owner variable becoming insignificant (data not shown). Residual 

components from all three models showed one farm (Farm ID: 19) with a large 

standardised residual, which was a case farm but predicted by the model to be a control 

farm. This was a farm in Pak Sha area with H5N1 virus was isolated on 20 Feb 2002. 

Farm 19 imported day-old chicks from China during mid February and sold some 

chicks 10 days later to another nearby farm (case farm, Farm ID: 20). Infection may 

therefore have entered this farm directly with imported birds, and hence it did not share 

risk factors with the other case farms. 

 
Table 9.5. Comparison of different multivariate models. 
Variable Category Model A Model B Model C

1 owner live off farm OR (95% CI) 37.0(3.2-431.6) 12.6(1.2-135.4) 45.8 (3.7-575.7)
2 sell to retail markets OR (95% CI) 20.1 (1.5-275.0) 30.3 (2.3-405.1) 28.4 (2.3-350.4)
3 highest mortality >30 day-old OR (95% CI) 17.4 (1.0-292.0) 20.5 (1.5-278.0) 24.3 (1.6-364.9)
4 wild birds in feed trough OR (95% CI) 0.1 (0.0-0.9)
5 chicken count OR (95% CI) 1.1 (1.0-1.1)
6 relative in poultry industry OR (95% CI) 19.4 (1.5-257.7)

0.42 0.46 0.43
0.63 0.68 0.65
0.91 0.67 0.82

3 8 3
Significance of Hosmer and Lemeshow Test

Cox & Snell R Square
Nagelkerke R Square

Degree of Freedom (df)
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Discussion 

This paper describes the use of a combination of descriptive and analytical 

epidemiological techniques to investigate possible risk factors associated with the 2002 

H5N1 outbreak in the Hong Kong SAR. The small sample size limited the number of 

risk factors that could be combined in a multivariable model and also prevented 

consideration of interaction terms. Models containing four or more variables and 

models containing interaction terms either did not converge or showed evidence of 

multicollinearity. Inspection of counts for combinations of explanatory variables 

indicated that these occurrences were likely to be the result of zero counts. Because the 

study included only 16 case farms and related directly to transmission processes which 

exposed these specific farms, the inferences made in this paper relate directly only to 

the specific circumstances of this outbreak and caution is needed in applying these 

findings to other situations. 

Comparison of the clusters of infected farms with the spatial distribution of randomly 

selected control farms indicated very strongly that locally operating contagious risk 

factors were very influential on which farms become infected. That is, the virus is either 

spread between farms, or nearby farms were exposed to a common source of infection. 

A great number of the chicken farms were operated as small family-run businesses and 

were located in close proximity to each other. There were also some larger scale farms 

(concentrated in Kam Tin area) which operated with modern facilities such as automatic 

manure scrapers, automatic drinkers and automatic feeders. Most of the chickens were 

raised in open-sided sheds with fan-assisted ventilation. All but one chicken farm in 

Hong Kong operated with a continuous flow of stock all in cages. That is, there were 

different age groups of chickens on the farm at any time. A notable point is that the 

affected farm where the X genotype was isolated was the only farm which operated on 

an “all in - all out” basis. Consequently it had less contact with markets and enhanced 

biosecurity compared with other case farms. 

Joint interpretation of the epidemiological investigation findings and gene sequence 

results shows that the disease apparently entered a small number of chicken farms as a 

single transmission event and then either was controlled on that farm (the 

geographically isolated farm affected by genotype X) or spread laterally to farms which  
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shared local exposure factors (farms clustered in certain areas affected by genotype Y 

and Z).  

Interchange of people directly with retail poultry markets (visit by one or more persons 

from retail markets) was a strong risk factor. This supports the hypothesis that infection 

began in the retail markets, where locally produced and imported poultry were mixed 

and kept for several days (Guan et al., 2000). It has been demonstrated in a US study 

that avian influenza viruses H5N2 amplified in the retail poultry market setting (Senne, 

Pearson, and Pahigrahy, 1992). Work in Hong Kong has shown that that “rest days” 

where markets are emptied of all poultry and cleaned can interrupt such virus 

perpetuation (Kung et al., 2003; Senne et al., 2003). Therefore, H5N1 viruses 

introduced into poultry markets in 2002 likely amplified within them and transmitted 

back to a few index farms initiating each genotype-specific epidemic. Each genotype 

then spread to other farms (Y, Z) or remain limited to the index farm (X). Inter-farm 

movement of people may also have been influential, such as retail poultry market 

personnel visiting multiple farms and carrying virus from one farm to another. Factors 

which will require particular attention in risk management included movements of 

people (such as buyers, bird catchers, etc) and inanimate objects (fomites such as cages, 

trucks, etc) between retail markets and farms, or among multiple farms, and may carry 

virus in ways which will expose birds on farms to an infectious dose. Airborne spread 

from affected birds, either while infection was spreading in a flock or during slaughter 

of a flock may explain a small number of cases (especially those associated with the Y 

genotype), but most secondary cases appeared to be due to transfer of virus between 

farms in ways which could be prevented with enhanced biosecurity. The fact that H5N1 

virus has been isolated from terrestrial birds (Kou et al., 2005; Li et al., 2004; Mase et 

al., 2005) also raised the concern that local resident wild birds such could introduce 

virus into a flock. 

Although presence of wild birds in the vicinity of the chicken farms was considered to 

be a possible risk factor for introducing AI infection, it did not turn out to be significant 

in this analysis. In fact, wild birds being observed in feed troughs was a protective 

factor for becoming a case in both univariate and multivariate analyses. This 

information should be interpreted with caution as the case farm operators may have 

been considerately more aware of the possibility of transmission of AI from wild birds 

due to intensive questioning from Government field officers after their farm was 
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identified as infected. These owners may therefore have been exceptionally aware of the 

presence of wild birds in feed trough compared to control farm owners.  

Mortality in chickens older than 30 days was higher on case farms than on controls, 

which is to be expected because AI kills chickens of all ages, and will increase mortality 

in the older age group. The other possible reason may be due to the fact that chickens in 

this age group were more likely to be visited by the stock agents, catchers or farmers 

before being sent to the markets. It is an interesting finding that “owner live off farm” is 

a risk factor in all three models. One explanation is that there may be more activities 

such as more visitors, or higher likelihood that the owner will employ non-family 

workers, which in turn can bring in the virus onto the farm. 

The evidence from this study points towards infection moving from retail markets back 

to farms as a source of infection for each of the genotype-specific outbreaks. Genotype 

Y was not isolated from retail poultry market samples at the time of the outbreak. The 

reason for this is likely to be the relatively small numbers of live poultry markets that 

were under routine virological surveillance. However, the possibility of an alternative 

route of introduction of this genotype into the farms via wild birds or through smuggled 

poultry cannot be completely ruled out.  

Enhancement of farm biosecurity would appear to be a very useful measure available to 

reduce entry of virus onto farms, and inter-farm spread. Good farm management and 

strict biosecurity measures (such as only allowing authorized persons to enter the farm, 

change of clothes and footwear for all visitors, a stand-down period for anyone who had 

been in retail poultry markets, strict control of equipment and transport vehicles 

entering farms) appear to the beneficial actions available to prevent entry of infection to 

farms and transmission between sheds within farms. However, we can not 

underestimate the important role of vaccination in controlling this 2002 outbreak, as 

eradication can not be attributed to enhancements in biosecurity alone. This is especially 

pertinent in the events of H5N1 HPAI outbreak in 2003-2005 around Southeast Asia and 

China, when no poultry or human disease occurred in Hong Kong although H5N1 was 

detected in wild birds. The role of live poultry markets in the amplification and 

dissemination of influenza viruses back to farms is likely to be related to the 

maintenance of HPAI H5N1 across Asia where such live poultry markets serve the 

demand for the consumption of freshly killed poultry. One way of reducing the risks 

associated with live poultry marketing is to reduce the levels of virus getting into and 
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circulating in these markets, which has been achieved in Hong Kong through a 

combination of strict biosecurity measures on the poultry farms and compulsory 

vaccination. 
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Summary 

An avian influenza parameter set and a map of farms and markets was developed for the 

spatial simulation modelling program InterSpread Plus, and used to simulate the 2002 

Hong Kong Avian Influenza (AI) H5N1 outbreak at local chicken farms and live poultry 

markets. Data collected for a case-control study for the 2002 AI outbreak was used to 

provide suitable parameter settings for the model. The outcomes of the various 

simulations give an estimate of the variation in size and duration of possible AI 

outbreaks.  

InterSpread Plus is a generic spatial model of contagious disease which was used to 

simulate AI disease spread from a possible source (live poultry markets) to farms, from 

an infected farm to other farms and to live poultry markets through three contact types 

(animals, vehicles, persons) and through local farm-to-farm spread within a specified 

area. The main disease-control procedures in this model which influence disease spread 

are diagnosis of infected premises (farms and live poultry markets), depopulation of the 

infected premises, resources (for surveillance and depopulation), and frequency of 

surveillance (on farms and in the markets).  

When the control strategies which had been applied in Hong Kong during 2002 to 

eradicate the outbreak were applied in the model, there was close agreement between 

field experience and model predictions with respect to the size of the epidemic. 

Alternative control strategies were also evaluated. Vaccination of poultry on farms 

reduced the number of infected farms substantially, but only reduced the number of 

infected markets slightly due to importation of infection. Implementation of a regular 

bird-free market rest day in the live poultry markets reduced the number of infected 

markets if it took place within four days after infection became established, but not if 

the delay was longer.  

Key words: Avian influenza H5N1, simulation models, disease control, live poultry 

markets, chicken farms, Hong Kong. 

Introduction 

The lengthy epidemic in Asia and more recent spread to Europe and Africa shows that 

the H5N1 strain of Highly Pathogenic Notifiable Avian Influenza (HPNAI) is now 

endemic in parts of Asia, Europe, Middle East and Africa (FAO, 2006; OIE, 2006). 

Although it has been mainly an animal health problem, avian influenza continues to 
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transmit zoonotically to humans, since it first appeared as a human disease in Hong 

Kong in 1997 (Claas et al., 1998). While at present this transmission is inefficient, and 

no sustained chains of human to human transmission have occurred, the possibility 

remains that this H5N1 strain of HPAI could become readily transmissible from human 

to human and causes an influenza pandemic through genetic re-assortment or a more 

gradual process of adaptive mutation.  

There is a dilemma in preparing for such a potentially catastrophic but unpredictable 

event, especially for those countries currently affected by the H5N1 virus outbreak in 

both the animal and human population. At present, control of the infection in poultry 

remains the most critical measure that serves both human and veterinary public health. 

However, despite intensified control measures, the disease continues to spread in 

poultry and raises serious public health concerns at global level (WHO, 2005). While it 

is possible that migrating birds may have played a role in the introduction of the H5N1 

virus into Europe and Africa, it is clear that the maintenance of the virus within endemic 

areas cannot be explained by repeated waves of re-introduction of the virus via bird 

migration and is primarily associated with movement of poultry and poultry products 

(Chen et al., 2006).  

Recently, researchers have developed computer simulation models of disease spread to 

test the effectiveness of these control strategies for the human populations (Ferguson et 

al., 2005; Longini et al., 2005; Smith, 2006). These studies have suggested that a 

carefully selected combination of public health measures, if implemented early, could 

stop the spread of a newly emerged pandemic at its source. However, we should also 

focus on the control of avian influenza in the animal population so that the epidemic 

potential of the virus is controlled at source. It is important for us to have a better 

understanding of how the virus behaves among poultry in the live poultry marketing 

system and what kind of control measures can effectively contain and eradicate the 

virus. For this purpose, we present an approach to modelling the avian influenza H5N1 

2002 outbreak in Hong Kong.  

In January 2002 avian influenza H5N1 viruses were detected in the Hong Kong 

wholesale and retail poultry markets (Guan et al., 2004; Sims et al., 2003a; Sims et al., 

2003b). Trace-back of birds which died in the wholesale poultry market led to the 

detection of disease on 1st February 2002 on a chicken farm located in a densely 

populated chicken farming area of the New Territories in Hong Kong. By 20th of March, 
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17 farms located within 2km, 4 farms within 2 to 5km, and 1 farm within 10km of the 

index farm were confirmed as infected. A total of 32 chicken farms were quarantined 

and 30 of these were depopulated. Approximately 950,000 chickens were slaughtered 

on farms and in live poultry markets (Sims et al., 2003a; Sims et al., 2003b). This 

outbreak was controlled by a combination of depopulation of infected and contact farms, 

quarantine and enhanced biosecurity, and finally, vaccination (Ellis et al., 2004; Sims et 

al., 2003b). During the course of this AI outbreak, a case-control study was conducted 

from the 16 to 28 March 2002 to identify risk factors associated with poultry infection 

on farms (Kung et al., 2007). Data collected for the case-control study together with the 

spatial location information of chicken farms and live poultry markets were used to 

replicate the temporal and spatial distribution of the 22 infected farms in a stochastic 

simulation model of disease spread (InterSpread Plus). This reference model was then 

modified to accommodate a series of alternative control strategies, which included the 

implementation of a bird-free market rest day and vaccination of on farm chickens. 

Poultry market “rest days” have been shown to reduce the avian influenza viral burden 

(Kung et al., 2003) and have been one of the measures introduced in Hong Kong for 

reducing the zoonotic risk due to avian influenza. In essence, all live poultry markets are 

emptied of live poultry the night before, and remain free of live birds for one whole day, 

before new poultry are re-introduced the next day. The size and duration of predicted 

outbreaks for alternative strategies were then compared with the reference model, 

allowing the advantages and disadvantages of each to be assessed. 

Materials and Methods 

Study population 

Data in this study included all chicken farms (146 farms) during 2002 in Hong Kong 

(New Territories). Data collected in the case-control study conducted in 2002, which 

involved all infected farms were used in this study. Farm level details included a unique 

identifier and spatial location (easting and northing coordinates of the main farm 

building). Case farms were farms whose chickens tested positive to H5 virus and/or 

demonstrated clinical signs of AI. Antigen detection tests were conducted on sick/dead 

chickens by either the rapid enzyme-linked immunosorbent assay (ELISA) for influenza 

A virus antigen (Directogen, Becton Dickinson, Sparks, MD) and the presence of H5 

subtype viruses was confirmed by nucleic acid sequence-based amplification tests 

(Hong Kong DNAChips, Hong Kong).  

 149



 

Live poultry markets used in the simulation model included one wholesale market (for 

land-based poultry) and 74 government-owned retail markets. These retail poultry 

markets were located in government-owned buildings with on-site health inspectors 

from the Food, Environmental Hygiene Department (FEHD) which comprised 452 

retail poultry stalls out of 820 stalls throughout Hong Kong (Hong Kong Island, 

Kowloon and New Territories) during January – March 2002. Market level details also 

included a unique identifier and spatial location (easting and northing coordinates of the 

market building). 

Model description 

The simulation model used in this study was the generic spatial contagious disease 

model InterSpread Plus, which has been developed from the InterSpread 

foot-and-mouth disease (FMD) model (Morris et al., 2001; Sanson et al., 1999; Yoon et 

al., 2006). This involved changing the epidemiological parameters and mechanisms for 

disease spread from FMD to AI. In addition, AI-specific control measures based on the 

standard OIE Code chapter on AI were included, as well as additional control measures 

that were applied during the 2002 Hong Kong outbreak.  

In this model building we firstly defined the model parameter settings when simulation 

was initiated using the time and location details of the primary case (index farm) in an 

epidemic of similar size. These were correlated to represent the epidemiological features 

of AI, which can give the output of temporal and spatial distribution similar to the 

observed 2002 outbreak. Care was taken when replicating the infected farms to ensure 

the predicted number of depopulated farms was the similar magnitude as the actual 

number of depopulated farms. 

Within this model, the spread of disease among farms is dependent on the following 

parameters: (1) the frequency and distance of movement of chickens - from farm to 

farm (including contaminated equipment, vehicles, feed, cages, or clothing), from farm 

to market, from wholesale to retail markets, from retail to other retail markets and in 

reverse direction and (2) infectivity to define the number of days from infection to onset 

of clinical sign.  

Once control measures are applied, spread of disease is modified by: (1) surveillance 

(how soon can the case farm be detected and reported by the farmers, how soon can 

infected birds be detected by the government inspectors and university surveillance in 

 150



 

the wholesale and retail markets, (2) the nature and timing of depopulation strategies, (3) 

the timing of rest day strategies, and (4) the effectiveness of vaccination strategies. 

Within the model, the relative effectiveness of the application of each control measure 

can be varied over time and be subject to resource constraints if required. Examples 

include limitations on the number of farms to be depopulated per day and/or the number 

of chickens processed by different activities (slaughtered, vaccinated) per day. 

Definition of the reference model 

The spread of infection was considered to be dependent on the frequency and distance 

of movement among farms and markets, local spread (from farm to farm) probability 

and virus infectivity. We estimated the virus infectivity and local spread parameters by 

extrapolating the results from other studies (Guan et al., 2002; Shortridge, 1999; Sims et 

al., 2003b), experience and local knowledge. Movement and surveillance probabilities 

were adjusted within epidemiological justifiable ranges so that the predicted epidemic 

mimicked the pattern of the 2002 outbreak (Table 10.1). Control measures including 

surveillance for AI (on farm and in the live poultry markets) and depopulation of 

infected premises were also applied in the model to simulate the 2002 outbreak in the 

reference strategy.  

In this model, parameters including infectivity and local spread for the reference 

strategy were fixed. Experience and local knowledge was used to specify suitable 

distances and frequencies for flock movement in the live poultry marketing system 

(farms, wholesale market, and retail markets) in Hong Kong. The reference strategy was 

simulated in one-day time steps from the date of incursion for 60 days and the entire 

process repeated 99 times to generate a distribution of results. 
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Table 10.1. Details of parameters setting used in InterSpread Plus to define the reference strategy in spatial and 
stochastic simulation of avian influenza H5N1 outbreak in Hong Kong SAR, Feb - Mar 2002. 
 
Item Details
Farms Defines easting and northing coordinates of farms.
Live poultry markets Defines easting and northing coordinates of the wholesale market and FEHD retail
Epidemic history Defines easting and northing coordinates of the index farms.
Movement - general Defines level of movement of chickens and cages throughout Hong Kong.
Local Spread - farm to farm Defines farm to farm spread of infection (contaminated equipment, vehicles, feed, cages

or clothing) within 3 km radial zone when there is no clear linkage other than
Defines the probability that a farm will receive infection as a function of distance from a
source farm.
Probability of transmission: Day 1: 0.8 at 200m, 0.05 at 500m, 0.005 at 3000m, Day 2: 0.5
at 200m; 0.01 at 500m; 0.001 at 3000m.

Movement - farm to market Defines farm to market (wholesale and retail) spread of infection (chickens, transport
Probability of destination: 0.84 for wholesale market; 0.16 for retail market.
Probability of transmission: 0.3

Movement - wholesale to retail Defines wholesale to retail market spread of infection (chickens, cages).
Probability of transmission: 0.5

Movement - retail to wholesale Defines retail to wholesale market spread of infection (cages).
Probability of transmission: 0.01

Movement - retail to retail Defines retail to retail market spread of infection (contaminated equipment, cages,
Probability of transmission: 0.3

Movement - retail to farms Defines retail to farm spread of infection (chickens, contaminated equipment, cages,
Probability of transmission: 0.35

Movement - border to wholesale Defines border to wholesale spread of infection (imported chickens from China,
contaminated vehicles, cages).
Probability of transmission: 0.15

Infectivity Defines how soon the clinical signs appear after infection.
Time to clinical signs: 1 day, 2 days, 5 days.
Probability of spread within farms: 1

Surveillance - on farm Defines intensity of surveillance to detect infection on farm by farmer. Detection is based
on unusual high mortality rate.
Cumulative probability: 0.01 at day 1; 0.5 at day 2; 0.8 at day 3; 0.9 at day 5; 1.0 at day

Surveillance - wholesale Defines intensity of surveillance to detect infection in wholesale market.
Probability of detection: 0.6

Surveillance - retail Defines intensity of surveillance to detect infection in retail markets by health inspector.
Cumulative probability: 0.05 at day 1; 0.15 at day 10; 0.4 at day 12; 0.8 at day 15; 0.9 at
day 18; 1.0 at day 21.

Surveillance - control (farm) Defines the intensity of surveillance after the first detection of infection.
Probability of detection: 0.8 (for farm, wholesale and retail)

Resources - depopulation Defines resources used for depopulation. Depopulation teams for farms, retail and
wholesale markets.

Depopulation - farm Defines the nature of depopulation strategy for farms within 3 km radius.
Depopulation - markets Defines the number of infected retail/wholesale markets.
Zones Defines radial zone around detected farms.
Rest day Defines the timing of rest day in the markets (retail and wholesale)
Vaccination Defines susceptibility of the chicken population (farm and retail market) to vaccination.

 
 
Alternative control strategies 

Two types of alternative control strategies were used in the study. The first was the 

timing of the bird-free market rest day starting from 2 days after first case farm had 

been detected until 20 days (strategies 1-5). This applied to all live poultry markets 

which also included the wholesale market. The second control strategy was the 

vaccination of chickens at local farms to measure the effectiveness in reducing the 

numbers of infected premises (strategies 6-10). Each strategy was simulated in one-day 

time steps for 60 days and repeated for a total of 99 iterations. Outputs for each strategy 

are reported as the total number of infected farms and markets. 
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Results 

Figure 10.1 shows the actual cumulative epidemic curve (from 1 Feb to 20 March) for 

the 2002 AI H5N1 outbreak in Hong Kong. In Figure 10.2, line plots show the 

cumulative number of infected farms (Figure 10.2a) and markets (Figure 10.2b) as a 

function of a 60 day time frame and the 25th and 75th percentile of the cumulative 

number of premises predicted to become infected by the reference strategy. For the 

reference strategy, the median number of farms predicted to be infected was 21 which 

are close to the actual number of infected farms in 2002 outbreak (22 farms). The 

predicted cumulative epidemic curve is similar to the real epidemic curve. As there were 

no exact numbers of the infected live poultry markets during the 2002 outbreak, the 

numbers of infected markets predicted by the reference strategy were used in the 

alternative control strategies to compare the difference between control measures.  

 
Figure 10.1 Epidemic curve for the 2002 H5N1 outbreak in Hong Kong, SAR, China 
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Figure 10.2 Predictive epidemic curves generated by the reference model. Figure 10.2a shows the cumulative 
numbers of infected chicken farms in Hong Kong. Figure 10.2b shows the cumulative numbers of infected live 
poultry markets in Hong Kong. 
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In regard to the alternative control strategies, commencement of a bird-free market rest 

day 2 days after detection of infection can reduce the predicted number of infected 

markets from 15 to 2, whereas this can only reduce the number of infected farms from 

21 to 15 (Table 10.2, Figure 10.3). Implementation of a market rest day gave the similar 

predicted number of infected farms as the reference strategy from 7 days onwards.  

Effectiveness of vaccination of chickens on farm affected the predicted number of 

infected farms but had very little impact on the number of infected markets (Figure 

10.4). Fifty percent of chickens with immunity can reduce the number of infected farms 

from 21 to 8. The number of infected farms stayed at the same level once the immunity 

reached 90% in the population. 

 
Table 10.2. Predicted number of AI-infected farms and live poultry markets by simulation models for 2002 H5N1 
outbreak in Hong Kong. 
Strategy

Minimum 25%
quantil

Media
n

75%
quantil

Maximum Minimum 25%
quantil

Mean 75%
quantil

Maximum

Reference 2 16 21 33 66 7 13 15 18 26

Commencement of market rest day after detection of infection
1.   2 days after 3 8 15 25 43 1 2 2 3 6
2.   4 days after 1 8 15 24 47 1 6 9 11 17
3.   8 days after 2 9 16 24 55 4 10 14 17 24
4.  10 days after 2 8 18 28 68 4 11 14 17 24
5.  12 days after 2 8 17 27 68 4 11 14 17 26

Effectiveness of vaccination
6.   99.9% protection 1 1 1 1 2 6 9 11 13 21
7.   95% protection 1 1 1 2 7 6 9 11 14 21
8.   90% protection 1 1 1 2 10 6 10 11 14 21
9.  50% protection 1 4 8 14 42 6 10 13 15 23
10. 10% protection 2 9 18 27 66 6 11 13 16 26

Number of infected farms Number of infected markets

 
 
Figure 10.3 Numbers of infected premises (farms and markets) predicted by the model with the implementation of 
one rest day at different times after infection enters the population. 
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Figure 10.4 Numbers of infected premises (farms, markets) predicted by the model with susceptible population at 
different level of immunity (susceptibility to infection). 
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Discussion 

There are various reasons for using disease modelling systems. Models are often created 

to be predictive. However, a frequently overlooked reason is that simply by modelling, 

and in particular modelling mechanistically, we can gain understanding of the system 

itself. The modelling process can force us to question our understanding of the disease, 

to break down that understanding into a logical structure and to quantify the process 

involved and the outcomes such as cost. Those processes that appear to have the 

greatest influence on the outcome of the disease may then become the focus of further 

study.  

In stochastic models, some or all of the various input parameters are sampled from 

defined statistical distributions, resulting in a different result each time the model is run 

(Stevenson et al., 2006). Addition of the stochastic element has the advantage of 

providing an indication of the variability of predicted outcomes. The model we used for 

this study - InterSpread Plus- was further developed in 2005 from InterSpread which 

has been used since early 1990s (Jalvingh et al., 1999; Nielen et al., 1999; Sanson et al., 

1999). The purpose of the development of the second version was to make it more 

flexible.  The model can now simulate a range of disease conditions and transmission 

mechanisms.  It is particularly well suited to those agents which are transferred from 

farm to farm by a combination of mechanical, local and/or airborne spread (Stevenson 

et al., 2006). Recently, InterSpread Plus was used in modelling the 2002 foot-and-mouth 

disease in Korea to evaluate the effects of alternative control strategies (Yoon et al., 

2006). 
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In our study, farm and market location records have been used to approximate the 

spatial distribution of the 2002 AI H5N1 outbreak in Hong Kong. Estimates of the 

probabilities of local spread (from farm to farm) and description of movement patterns 

(farm to market, wholesale to retail, retail to retail, etc) were then used to simulate the 

temporal and spatial progression of an AI epidemic following infection of an index farm 

with location details identical to the index farm of the 2002 H5N1 Hong Kong outbreak. 

In our AI model, what constituted an adequate match between the observed outbreak 

and that predicted by the model was subjective, because of the very small size of the 

outbreak. It involved parameter adjustment during model building so that the predicted 

epidemic curve fell comfortably within the 25th and 75th percentile range of the 

simulated epidemic and the actual number of infected farms was similar to that 

simulated by the model.  

On the basis of the data presented in Table 10.2, it is our belief that the parameters used 

to define the reference model provide an adequate representation of the 2002 H5N1 

outbreak in Hong Kong, and is sufficient to serve as a comparison point for 

investigating alternative control strategies. Market rest day had its impact mainly on the 

market population and had a much smaller influence on the farm population. In contrast, 

vaccination had its major influence on the farm population but only minor effects on the 

market population. Of all the control strategies evaluated, implementation of a bird-free 

market rest day at an early stage (less then 7 days after first case) together with at least 

90% immunity in farmed chickens after vaccination had the greatest effect on the 

predicted epidemic size. These results indicate that in order to effectively control the 

outbreak, it is important to combine several control strategies within a short time frame. 

This has been supported by the Hong Kong Government’s decision to control the 2002 

AI outbreak by enhancement of surveillance, restriction of movement and the 

implementation of a market rest day. Regional on-farm vaccination was introduced in 

April 2002 which may not have contributed to the control of the AI outbreak in 2002, 

but the larger scale of vaccination in Hong Kong poultry farms during Dec 2002- Jan 

2003 helped to control a smaller AI outbreak in 2003. 

Our modelling results have identified a number of important issues about the 

epidemiology and control of AI, as well as more general implications for 

spatio-temporal disease dynamics. The main applied result is the importance of rapid 

implementation of properly focused disease control strategies, which were depopulation, 
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surveillance and implementation of market rest day in this study. This significantly 

reduced the number of cases, the number of birds to be culled and the duration of the 

epidemic. A sound knowledge of the live poultry marketing system had also played a 

very crucial part in the selection of effective measures in controlling the outbreak. In 

order to apply the modelling approach to other AI outbreak situations, it is important to 

gain more understanding of the virology, epidemiology, and ecology of avian influenza 

viruses and their environment. 
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Introduction 

The strains of influenza viruses (Asian/57, Hong Kong/68) which were responsible for 

the 1957 and 1968 human pandemics are believed to have originated from southern 

China (Cox and Subbarao, 2000). Genetic analysis showed that they were reassortants 

incorporating both human and avian influenza viruses, which may have arisen in pigs 

(Kawaoka, Krauss, and Webster, 1989). Southern China has long been recognised as a 

hypothetical epicentre for influenza due to the close proximity of humans, pigs and 

ducks that is favourable to the generation of new, potentially hazardous subtypes of 

influenza virus (Shortridge and Stuart-Harris, 1982). It was postulated that if an avian 

influenza virus were to have the ability to cause an influenza pandemic, it would have to 

re-assort its genes with a prevailing human influenza virus in the trachea of the domestic 

pig (Shortridge, 1992). Regular surveillance in southern China and Hong Kong 

demonstrated that pigs could be infected with human and avian influenza viruses (Guan 

et al. 1996; Kida, Shortridge, and Webster, 1988). Surveillance of domestic poultry in 

this region indicated that the majority of the avian influenza virus subtypes were 

isolated from ducks, which emphasised the importance of ducks in influenza ecology 

(Markwell and Shortridge, 1982; Shortridge, 1982). Studies conducted before 1997 at 

Hong Kong poultry dressing plants had shown that avian influenza viruses rarely 

occurred in chickens (Shortridge, 1982; Shortridge, 1992). This picture changed 

significantly during the 1997 H5N1 outbreak in Hong Kong. Intensive sampling of a 

wide range of animals in Hong Kong (at markets, farms, zoological gardens and a 

waterfowl nature reserve) was conducted in December 1997. The virus isolation 

prevalence was 19.5 % in chickens compared with 2.4% in ducks (Shortridge, 1999). 

This result showed that domestic chickens were the main source of the H5N1 virus for 

the human population of Hong Kong. While the actual mode of transmission of the 

H5N1 virus was not clear in human infections that resulted from the 1997 poultry 

epidemic, there was a link in some cases with live poultry markets (Mounts et al, 1999). 

Besides H5N1 virus, another two virus subtypes (H6N1 and H9N2) were also isolated 

from poultry in live poultry markets in 1997. These two subtypes were considered 

important because of the similarity of their gene segments to the H5N1 genes (Guan et 

al., 2000; Hoffmann et al., 2000). Unlike the 1997 H5N1 virus (which disappeared from 

the Hong Kong region after the depopulation of all poultry at the end of 1997), both 

H6N1 and H9N2 were continuously isolated from live poultry markets (Chin et al., 
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2002; Guan et al., 2000). Therefore it is important to have a good understanding of the 

live poultry marketing system in Hong Kong and role it plays in avian influenza virus 

transmission, in order to be able to control highly pathogenic viruses and reduce the risk 

of re-assortment of influenza viruses. 

This thesis describes a series of studies conducted in Hong Kong during 1999-2003, 

designed to clarify aspects of the epidemiology of avian influenza in domestic poultry, 

the interaction among various species, and the role of live bird markets in the 

maintenance of particular influenza A subtypes. The thesis also examined the 

effectiveness of control measures applied in live bird markets, and used simulation 

modelling to develop an approach to evaluating control policies. 

Live poultry marketing system – Chapter 3 

The Hong Kong live poultry marketing system is a complex operation due to the huge 

number of birds moving through the system (approximately 150,000 birds per day), 

multiple species (chicken, duck, goose, pigeon, quail, pheasant, etc), diverse sources 

(local farms, imported from China), and the wide range of people who could be exposed 

to influenza viruses (farmers, importers, dealers, stall operators, and general public) 

within this year-round operating system. The live poultry marketing system in Hong 

Kong changed significantly following the 1997 H5N1 outbreak. Chapter 3 describes the 

system adopted in Hong Kong before 1997 and the changes implemented by the Hong 

Kong government after 1997. In general, these control and preventive measures 

implemented after the 1997 outbreak were effective in the control of the avian influenza 

H5N1 virus. No more human cases of H5N1 infection of Hong Kong origin were 

reported once the depopulation of poultry took place in late 1997. However, closer 

evaluation of the live poultry markets related to avian influenza virus transmission, 

demonstrated that there were a number of unanswered questions to be addressed. Firstly, 

which subtypes of avian influenza viruses existed in the market? What was the gene 

pool for further evolution? Were the precursor viruses such as H6N1 and H9N2 still 

present or had any new avian influenza virus emerged in the live poultry markets?  

The next question was: where did these viruses come from? These questions had 

pointed the research direction to Chapter 4 and 5. 

Cross-sectional studies - Chapters 4 and 5 

Chapter 4 described the analysis of the data collected from live poultry markets at 
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monthly intervals during 1999 and 2001. Data analysis indicated that H9N2 viruses 

were continuously isolated from most bird types, particularly chicken and quail. More 

detailed investigation of H9N2 lineages will provide a better understanding of the 

epidemiology of infection for this virus subtype. This study has identified distinct 

variations between markets with respect to the prevalence of different avian influenza 

virus subtypes, even after differences in the species composition of different markets 

were taken into account. These market stalls of interest were all situated in densely 

populated areas, and were selling a variety of poultry species. The high poultry turnover 

rate was associated with a higher risk of introduction of virus-carrying birds, and the 

subsequent mixing of new entrants with a population of immunologically naïve birds of 

different species. This situation is considered to produce favourable circumstances for 

the introduction and multiplication of avian influenza viruses. Minor poultry species, 

such as quail and pheasant, often have a slower turnover rate in the retail live poultry 

markets, meaning they spend more time in the markets than chickens. Therefore viruses 

in these species of poultry would have time to complete at least one full virus 

replication cycle and transmit to nearby birds of various species, whereas chickens may 

be sold too quickly in the markets to act as spreaders.  

Findings from Chapter 4 identified quail as playing an important role in the H6 and H9 

viruses circulating in the live poultry markets. Data also showed that these two viruses 

in quail were showing steady increase during the sampling period. As the H6 and H9 

viruses are closely related to the 1997 H6N1 isolate (A/teal/Hong Kong/W312/97) 

(Hoffmann et al., 2000) and the 1997 H9N2 isolate (A/quail/Hong Kong/G1/97) (Guan 

et al., 1999), it was of great interest to gain more understanding of the epidemiology of 

these two viruses in quail. 

This has led to the studies described in Chapter 5. It was found that the avian influenza 

H6 and H9 subtype viruses behaved differently in quail. Locally farmed quail in Hong 

Kong were usually brought to the markets at the age of 35 days, before they reach 

puberty. The study showed that quail at this age were likely to carry H6 and H9 viruses 

into the live poultry markets. The age of the quail became an important factor in the 

complex transmission pattern of avian influenza viruses in the live poultry markets, 

especially when quail were often kept in the markets (both in the wholesale and retail 

markets) for many days. Imported quail were usually sold to the market at ages younger 

than 35 days, as the imported quail grew faster than the local ones. If the imported quail 

 165



 

from nearby provinces of China had similar H6/H9 transmission dynamics to the Hong 

Kong farmed quail, we would predict that they would have higher prevalence of virus 

carriage, potentially contributing even more to the circulation of avian influenza viruses 

within the live poultry markets. 

During 2001, the Hong Kong government banned the sale of live quail in the markets 

that sell other live poultry, after being advised of these results. This has led to the 

closure of all local quail farms in Hong Kong. Imported quail carcasses can occasionally 

be purchased at some live poultry market stalls. These changes have contributed to the 

reduction in prevalence of H9 and H6 virus isolation in the live poultry markets in Hong 

Kong. 

Longitudinal study – Chapter 6 

Chapter 6 describes the study conducted in three market stalls by following tagged 

chickens from the wholesale market to the stall, and through until these birds were 

killed and sold. Tagged chickens were the major subject in this study, but other aspects 

of stall operation were also observed and recorded. This was the first kind of study ever 

conducted in the live poultry markets in Hong Kong, and identified a number of risk 

factors for transmission and maintenance of influenza viruses. In-depth knowledge of 

the live poultry marketing operation has been gained from this study by the author. 

Several hypotheses derived from earlier studies in this thesis were confirmed in this 

study. These included:  

a) the majority of the H6 viruses were brought into the stall by quail and transmitted to 

other species (such as pheasant) housed in neighbouring cages,  

b) the H9 virus was able to multiply within a short time frame (two to three days) 

among immunologically naïve birds in the stall,  

c) lower amounts of avian influenza viruses were transmitted in the stall when the 

majority of the chickens in the stall carried the H9 antibodies. These findings (more 

chickens carried H9 antibody and no live quail in the stall) could help to explain the 

lower prevalence found in this study than in the routine virological surveillance of 

markets, and confirmed the effectiveness of the control measure implemented by the 

Hong Kong government. 

While an unexpectedly high number of tagged chickens carried H9 antibody in the stalls 

and this made interpretation of epidemiological processes more difficult, this study has 
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provided a wealth of information on aspects of avian influenza virus transmission 

dynamics in the market stalls and helps understanding of the epidemiological processes 

which produce this transmission pattern. 

Experimental study - Chapter 7 

Chapter 7 describes the experimental study of three “market replica” stalls. This 

information does not appear to have been presented in the scientific literature elsewhere 

in the world. Although the chicken turnover rate in the replicated market stalls was 

much lower than in the real market stalls, the purpose was to provide the baseline 

information to give us a “slow motion” picture on retail market stall operation in 

gaining insight information of the avian influenza virus transmission dynamics. This 

chapter clarified several points. Firstly, there was no difference in the susceptibility to 

H9 virus between vaccinated (H5) and non-vaccinated chickens. Secondly, the H9 virus 

spread at a slower rate when half of the population in the stall carried H9 antibodies. 

Thirdly, the result shows that chickens can be re-infected with the same virus if their 

initial antibody titres were low. Fourthly, virus isolation results from this study also 

indicated that H9 virus is mainly transmitted via the respiratory route, and finally, other 

risk factors including bird handling and dusty circulating air could also contribute to the 

mechanical transfer of the virus particle. 

Control strategies- Chapters 8, 9 and 10 

Chapter 8 describes the effect of the implementation of a market rest day in the live 

poultry markets in Hong Kong. The comparative isolation results from the same 

markets immediately prior to and after the rest day indicates an association between 

intervention and reduction in risk of H9N2 (but not NDV) virus load in the retail live 

poultry markets in Hong Kong. This implies that there is re-circulation and 

amplification of H9N2 viruses within the retail markets that contributes to the gradual 

increase of virus burden within these markets. On the other hand, NDV virus isolation 

rates were unaffected by the rest day, suggesting that isolation of this virus in the 

markets is more a reflection of the virus brought into the markets by newly introduced 

poultry rather than re-circulation within the markets. We need to be cautious when 

interpreting the result because the factors contributing to avian influenza virus infection 

in poultry at the live poultry markets in Hong Kong are complex and multi-factorial.  

Chapter 9 describes the use of a case-control study combining descriptive and analytical 
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epidemiological techniques to investigate possible risk factors associated with the 2002 

H5N1 outbreak in the Hong Kong SAR. Considering that the study included only 16 

case farms and related directly to transmission processes these specific farms were 

exposed to, the inferences made in this chapter only relate directly to the specific 

circumstances of this outbreak, and caution is needed in applying these findings to other 

situations. 

Gene sequence results have provided important benefits in interpreting epidemiological 

findings in this study. There were three genotypes identified for the H5 virus isolated 

from the case farms. There were at least six different genotypes found to be circulating 

in the live poultry retail markets prior to the farm outbreak. There was no definite proof 

that the viruses were transmitted from the retail markets to the farms. However, the 

interchange of people directly with retail poultry markets (visit by one or more persons 

from retail markets) was identified in the multivariate analysis as a significant risk 

factor. This supports the hypothesis that infection began in the retail markets, where 

locally produced and imported poultry were mixed and kept for several days. Therefore, 

H5N1 viruses introduced into poultry markets in 2002 probably amplified within the 

live poultry markets and transmitted back to a few index farms initiating each 

genotype-specific epidemic. Inter-farm movement of people may also have been 

influential, such as retail poultry market personnel visiting multiple farms and carrying 

virus from one farm to another. Factors which will require particular attention in risk 

management include movements of people (buyers/dealers, bird catchers, etc) and 

inanimate objects (fomites such as cages, trucks, etc) between retail markets and farms, 

or among multiple farms. The fact that H5N1 virus has been isolated from terrestrial 

birds (Kou, 2005; Li et al., 2004; Mase et al., 2005) also raised the concern that local 

resident wild birds could introduce virus into a flock. 

Enhancement of farm biosecurity and good farm management would appear to be  

very useful measures available to reduce entry of virus onto farms, and inter-farm 

spread. However, vaccination has also become a key component of effective control in 

Hong Kong, both for locally grown and imported birds. It is noteworthy that during the 

major H5N1 HPAI Asian outbreak in 2003-2005 affecting both humans and poultry, no 

poultry or human disease occurred in Hong Kong although H5N1 was detected in wild 

birds. One way of reducing the risks associated with a live poultry marketing system is 

to reduce the levels of virus getting into and circulating in these markets, which has 
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been achieved in Hong Kong through a combination of strict biosecurity measures and 

compulsory vaccination on all source poultry farms, the regular market rest day and the 

removal of quail from the live poultry markets. 

Chapter 10 describes the use of computer modelling software to evaluate avian 

influenza epidemiology and control. The generic model InterSpread Plus was 

formulated to represent avian influenza, with parameter values gathered from previous 

studies in this thesis. This was then used to simulate the avian influenza 2002 outbreak 

in Hong Kong. In this model, what constituted an adequate match between the observed 

outbreak and that predicted by the model had to be subjective because of the small size 

of the outbreak. Modifications involved parameter adjustment (with the input of 

scientific knowledge and experience) during model building so that the predicted 

epidemic curve fell comfortably within the 25th and 75th percentile range of the 

simulated epidemic, and the actual number of infected farms was similar to that 

simulated by the model. The market rest day had its impact mainly on the market 

population and much smaller influence on the farm population. In contrast, vaccination 

had its major influence on the farm population, but only a minor effect on the market 

population. These results indicate that in order to effectively control an outbreak, it is 

important to combine several control strategies within a short time frame.  

This has been supported by the Hong Kong Government’s decision in controlling the 

2002 AI outbreak by enhancement of surveillance (farms and markets), restriction of 

movement (farms) and the implementation of a market rest day. Regional on-farm 

vaccination was introduced in April 2002. This is unlikely to have contributed to the 

control of the AI outbreak in 2002, but the larger scale of vaccination in Hong Kong 

poultry farms during Dec 2002- Jan 2003 apparently helped to control the HPAI 

outbreak in 2003 in this region. 

Our modelling results have identified a number of important control issues regarding 

the epidemiology and control of HPAI, as well as more general implications for 

spatiotemporal disease dynamics. The main applied result is the importance of rapid 

implementation of properly focused disease control strategies, which in this study were 

depopulation, surveillance and implementation of a market rest day. A sound knowledge 

of the live poultry marketing system had also played a very crucial part in the selection 

of effective measures in controlling the outbreak. Therefore, in order to apply the 

modelling approach to other HPAI outbreak situations, it is important to gain more 
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understanding of the virology, epidemiology, and ecology of avian influenza viruses in 

the particular environment. 

Future research 

There are several issues that require further research. Firstly, we need to have better 

understanding of the molecular basis of pathogenesis and host range restriction of avian 

influenza virus. This is especially important when we consider the potential of a low 

pathogenic strain to mutate into a highly pathogenic strain. The HA protein plays an 

important role in overcoming the inter-species barrier and in the virulence of avian 

influenza viruses (Steinhauer, 1999). Recently, the RNA polymerase (PB2) protein has 

also been recognized as a critical factor in host range restriction, while the nonstructural 

(NS1) protein affects the initial host immune responses (Neumann and Kawaoka, 2006). 

Even with those findings, the factors that determine the inter-species transmission and 

pathogenicity of avian influenza viruses are still not fully understood, and require 

further study. In addition, it is important to have a better understanding of the 

mechanisms and consequences of cytokine imbalance caused by the highly pathogenic 

avian influenza viruses (Cheung et al., 2002). 

Another area that requires immediate intensive research relates to those countries which 

have experienced avian influenza outbreaks in recent years. A number of 

recommendations can be made concerning the design and implementation of further 

investigations of avian influenza viruses in these countries (especially southeastern Asia 

countries and China) with similar live poultry marketing systems. Fundamental 

knowledge of the gene pool in each region around the world will undoubtedly build 

sound baseline information. Due to each country or area having their own environment 

which may differ slightly or significantly from Hong Kong, a good understanding of 

their local live poultry marketing system is crucial in combating the avian influenza 

viruses, especially HPAI.  

There is also the need to utilize more phylogenetic data for the study of the 

epidemiology of avian influenza viruses at molecular level, for measuring the virus 

evolution rate and their possible source. The use of computer simulation models not 

only for the prediction of macro behaviours of avian influenza viruses but also their 

micro behaviours, offers considerable benefit in predicting the possible combination of 

virus subtypes and strains that may be generated in certain environments, and the 
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pattern of disease spread which could be expected in such cases.  

Conclusion 

The thesis has described the transmission patterns of different avian influenza viruses in 

various species of poultry, and the factors that are associated with the control of avian 

influenza viruses in the live poultry marketing system in Hong Kong. The work is the 

most detailed epidemiological study of avian influenza viruses in Hong Kong yet 

conducted, and provides a valuable source of information for policy-makers in selecting 

control and preventive measures.  

Studies contained in this thesis have identified risk factors for the transmission of avian 

influenza viruses, and identified areas requiring further research. The work has provided 

a range of answers to the questions originally posed in commencing the research, and 

provides a basis for later in-depth investigation of specific issues raised by this work. 
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Appendix 1: Procedures for determining the intravenous pathogenicity index (IVPI)  

(OIE, 2004)  

1. Fresh infective allantonic fluid with a HA titre > 1/16 (> 24 or > log2 4 when 

expressed as the reciprocal) is diluted 1/10 in sterile isotonic saline. 

2. 0.1 ml of the diluted virus is injected intravenously into each of ten 6-week-old SPF 

chickens. 

3. Chickens are examined at 24-hour intervals for 10 days. At each observation, each 

bird is scored according to the following criteria: 

 
Observation Score 

normal 0 
sick 1 

severely sick 2 
dead 3 

 
4. The intravenous pathogenicity index (IVPI) is the mean score per bird per 

observation over the 10-day period. An index of 3.00 means that all birds died 

within 24 hours, and an index of 0.00 means that no bird showed any clinical sign 

during the 10-day observation period. 

 197



 

 198



 

Appendix 2: Questionnaire for case-control study 
 
Survey on the Risk Factors for Avian Influenza Virus Infection at 
Local Chicken Farms in Hong Kong SAR 
              For Farmer 
Date:        GPS location: 
Farm Code: 
Farm Address:  
District: 
Contact Person’s Name:     

Phone No:      
Farm owner’s Name: 

Address:  
Phone No: 

Information provided by: 
 
1. Farm Profiles 
 Land area/farm area: ____(square metres) 
 Topography characteristics: (get the map from Farm Licensing Section) 
 Can trucks come onto the farm: Yes/No 
 Do you raise other animals on this farm? Yes/No 

Type of animal  Quantity 
Duck/goose   _______ 
Pig    _______ 
Pet birds   _______ 
Other (specify)  _______ 

 Is there any pig farm(s) near your farm? Yes/No 
If yes, how far away ___m and which direction _______ 
 Address (if known): 

 Is there a pond inside your farm? Yes/No            
Is there any pond(s) nearby (within 300m)? Yes/No 

If yes, how many?  How close? ____ km 
Do you see any wild birds come to the pond(s)? Yes/No 
 If yes, what type of bird? Duck/goose/other (specify if possible) 

 Is there a stream immediately outside /across of your farm? 
No/outside/across 

 Is the farm fully fenced to prevent entry of strait animals (such as wild pig)? Yes/No 
 From where do you get your water for drinking? Own well / town supply/mountain  
 water 

From where do you get your water for cleaning? Own well / town supply/mountain 
water 
Do you have cover for your water tank(s)? Yes/No 

 
2. Stock 
 How many birds did you have on your farm between late Jan and early Feb 2002?  

Chicken: (number) 
Other (specify) 

 
 Day-old chicks 

From where do you get your day-old chicks between late Jan and early Feb 2002? 
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 Name of importer (agent): 
 From which area in mainland: 
Where are the chicks unloaded? Outside/inside farm 
Do you know from where the delivery truck came in late January? Mainland/other 
local farm(s)? 
 Mainland truck number: 

Local farmer’s name: 
Do you breed your own replacement birds? Yes/No 

 Do you bring in poultry from other local farms during 21 Jan-17 Feb? Yes/No 
If yes: 

Farmer’s name: (bring the list of local chicken farms) 
District: 
Type and number of poultry: 

  Chicken: (number) 
Other (specify) 

 Do you sell/supply poultry to other local farms during 21 Jan-17 Feb 2002? Yes/No 
If yes  

Farmer’s name: 
District: 
Type and number of poultry: 

  Chicken: (number) 
Other (specify)  

 Vaccination practice: 
Are the day-old chicks vaccinated before coming in? Yes/No/Don’t know 
 If yes, which vaccine been used? 
What kind of vaccine been used on your farm? 
 
 Vaccine 

name 
Live/killed Administration 

route (nasal, 
water, 

injection) 

Age group Frequency Supplier 

NDV       
IBDV       
ILT       
IB       
       
 

From where do you get these vaccines? 
 Local: (company name) 
 Mainland: (company name) 
Who administered these vaccines in your farm? Farmer/farm worker/other 

 Flock health history: 
What kinds of abnormality do you usually see in the flock on your farm? 

Coughing/sneezing/rales/nasal discharge/diarrhoea/depression/tremor/sudden 
death 

What kinds of abnormality do you see in the flock between late Jan and early Feb 
2002? 

Coughing/sneezing/rales/nasal discharge/diarrhoea/depression/tremor/sudden 
death 

What is the normal mortality for each age group?  
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 Mortality rate Related symptoms 
Day-old to 30 day old:   
30 to 60 day old:   
Over 60 day old:   
 
What were the mortality rates for different age groups between late Jan and early 
Feb 2002? 
 Mortality rate Related symptoms 
Day-old to 30 day old:   
30 to 60 day old:   
Over 60 day old:   
 
Do you use any medication between late Jan and early Feb 2002? 
From where did you get them?  
 Supplier Dates 
Medication in water   
Medicated feed   
Injectable drugs   
   
 
Who gave the medication? Farmer/farm worker/salesman/veterinarian 
 

 Feed: 
From where do you get your feed? 
 Supplier Source Delivery date between 

late Jan and early Feb 
Young birds    
Medium birds    
Large birds    
Concentrated    
Additives    
Medicated feed    
Vitamins    
 
How is the feed delivered?  
 By truck/container/collected yourself from the dock 
Do you send your feed to other farm(s)? Yes/No 
 If yes, farmer’s name: 
Have you ever seen any wild birds get in the feed storage area? Yes/No 
Have you ever seen any wild birds get in the feed trough? Yes/No 

 How does your flock get their drinking water?  
Pipe drinkers/water troughs 

 Exit of poultry to markets 
How many birds did you sell and from where did you get the cages during 18 Jan-5 
Feb 2002? 

Date Age at sale Weight Quantity Catcher (agent, 
contractor, 
farmer) 

Source of cages 
(wholesaler, 
retailer) 
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Did those cages looked clean? Yes/No  
Does the transport vehicle enter the farm? Yes/No 
To which market do you usually sell birds? 

Wholesaler or retailer Name Stall code District 
    
    
    
    
    
 

To which markets did you sell birds between late Jan and Early Feb 2002? 
Wholesaler or retailer Name Stall code District 
    
    
    
    
    
 
3. Housing 
 How many sheds do you have on your farm? 
 What kind of ventilation system is used on your farm?  
 What kind of floor cover in the sheds?  
Number of sheds Presence of fan for 

ventilation (yes, no) 
Floor cover (concrete, soil, 
saw dust) 

   
 
 Can wild birds get into the sheds? Yes/No 

What type of wild birds? Water birds/ land birds 
 Free-ranging system: 
Age of birds Free-ranging system 

(yes, no) 
Litter (saw dust, paper, 
etc) 

Source of litter 

Less than 35 day old 
Over 35 day old 

   

    
 
 Stock density: 
Age of birds Size of cages (length x width x 

high) 
Number of birds per cage 

1- 30 day old   
30- 60 day old   
Over 60 day old   
 
 Cleaning regime: 

How do you clean the floor of sheds? 
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Method Procedure on farm (yes, no) Type of reagent(s) used 
Disinfected powder   
High pressure water hose   
Disinfectants   
Empty cage period   
   
 

 Have you installed the faeces cleaning machines on your farm? Yes/No  
How often will the faeces removed from the sheds?  

 Do you sell some birds to other places before they reach market size? Yes/No 
Where to? 
 

4. Farm Management 
 Owners: 

Do you live on or off your farm: 
Do you own or part own other farms? Yes/No 
 If yes, 
  Farm code: 
  Farm address: 
Do you own or part own wholesale stall? Yes/No 
 If yes, 
  Stall name: 

Stall code: 
Do you own or part own retail stall: 

If yes, 
  Stall name: 

Stall code: 
  Stall address: 

 Do you have any relatives that also work in the poultry industry? Yes/No 
If yes, where do they work? 
 Farm/wholesale/retail (name) 

 Workers on farm: 
Numbers: 
Does your worker go to any other farm? Never/seldom/often 

Farm address: 
Do you or your workers travel to mainland in Jan/Feb? Yes/No 
 If yes, how often? 
Month Frequency Area 
January   
February   
 
Do you or your workers travel to poultry farm(s) in mainland in Jan/Feb? Yes/No 
 If yes, how often? 
Month Frequency Area 
January   
February   
 
Do you or your workers visit any local farm (especially chicken farm) between 18 
Jan and Chinese New Year? Yes/No 
 If yes, farm address:   

 203



 

 Did you have visitors during late Jan- early Feb that work in poultry industry? 
Yes/No 

If yes, in which sector? 
Sector Number of visitors 
Poultry farm  
Wholesale stall  
Retail stall  
Feed company  
  
  

Do visitors enter the poultry sheds? Yes/No 
Do visitors other than AFCD staffs wear protective clothing when entering the farm 
premises? Yes/No 
Did you have foot bath at the entrance of farm during late Jan- early Feb 2002? 
Yes/No 

 Transportation: 
Stock delivery: own vehicle/outside truck 
Feed delivery: own vehicle/outside truck 
Sale to market: own vehicle/outside truck 

 Waste disposal: 
Do you use “Way Lung” waste collection for your faeces disposal? Yes/No 
 How often do they come to remove the waste? 
How do you dispose wastewater from shed cleaning?  

Dry muck out with soak-away/other 
Do you have cover for your soak-away tank? Yes/No 

How do you dispose dead bird?  
FEHD carcass collection point/on farm waste dump 

 Where is your nearest “carcass collection point”? (Mark on the map) 
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