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Abstract 

Accidental escapes of pathogens from laboratories continue to cause outbreaks in the community 

today, posing significant risks to the general public, animal communities, and the environment. 

These incidents, as well as the uncertainties surrounding the origins of the COVID-19 pandemic, 

highlight the need to consider unnatural origins as part of emerging outbreak surveillance and 

detection. Identifying recurring patterns and distinctive factors of laboratory-associated disease 

outbreaks can aid in successfully preventing and mitigating these occurrences. Seventy incidents 

of laboratory-associated leaks that led to outbreaks in the wider public have been reported 

(Appendix S1). Seven renowned cases that have been comprehensively studied were selected for 

review: (i) 1955 Polio vaccine incident in western USA, (ii) 1977 H1N1 influenza virus re-

emergence in China and the Soviet Union, (iii) 1979 Anthrax release in Sverdlovsk, Soviet Union, 

(iv) 1995 Venezuelan Equine Encephalitis epidemics in Venezuela and Colombia, (v) 2003-4 

SARS-CoV-1 escapes from Singapore, Taiwan, and China, (vi) 2007 Foot-and-Mouth disease 

virus outbreak in Pirbright, England, and (vii) 2019 Brucella leak in Lanzhou, China. These 

outbreaks were selected because data on their geographical spread, genetics, phylogeny, 

epidemiological factors (including attack rates, infectious dose, time, location, and season of 

spread), and governmental and institutional responses to the incidents had been previously 

analysed and published. Thematic analysis of these lines of evidence revealed seven key insights: 

unusual strain characteristics, peculiar clinical manifestations or affected demographics, unusual 

geographical features, atypical epidemiological patterns, delayed government action and 

communication to the public, misinformation and disinformation spread to the public, and 

biosafety concerns/incidents predating the event. The outbreaks ranged from 13 to 19 indicators. 

These indicators were used to develop risk criteria that can form the foundation of an assessment 

framework for flagging future laboratory-associated outbreaks. This framework was also applied 

to the SARS-CoV-2 pandemic, which exhibited 19 of 33 (57.7%) indicators. 

  

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 3 

Introduction 

Despite continual advances in biosafety and biosecurity policies, accidental pathogen escapes from 

laboratories continue to cause disease outbreaks in the community. The question is not if a 

pathogen will escape, but rather which pathogen and what measures are in place to contain an 

escape with serious consequences1. Past laboratory-origin epidemics2-4 and outbreaks of unknown 

origin5, namely the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) pandemic 

(2019-2023)6, underscore the need to consider unnatural origins when identifying outbreaks.  

Different lines of evidence, including phylogenetics, epidemiology, seroepidemiology, and 

criminal or geopolitical intelligence, are required to determine whether an outbreak is of unnatural 

origin7. Phylogenetics alone may not identify pathogens of laboratory origin because serial 

passaging a pathogen through an animal host will produce genetic markers that appear to be of 

natural origin7,8. To investigate distinctive factors of laboratory-origin outbreaks, historically 

confirmed incidents should be studied to identify emerging themes and indicators. 

A total of 70 incidents of accidental laboratory leaks have been reported, with the earliest recorded 

in 1901 and the most recent in 2024 (Appendix, Table 1). Of these incidents, 56 (80.0%) resulted 

in community cases and 29 (41.4%) resulted in fatalities. These reports identified 1851 exposures, 

1,152,189 infection cases, and 702,267 deaths. Five events were responsible for 99.9% of the cases 

and deaths, these include: (i) the Cutter Laboratories vaccine incident in California 1955, (ii) the 

1977 H1N1 influenza virus reemergence incident in China and the former Soviet Union, (iii) the 

1979 Sverdlovsk anthrax outbreak in a Soviet military research facility (iv) the 1995 Venezuelan 

Equine Encephalitis (VEE) virus escape suspected from a virology laboratory in Venezuela or 

eastern Colombia, (v) the FMDV leak in Pirbright, England in 2007, and the (vi) the 2019 Brucella 

leak from a biopharmaceutical plant in Lanzhou. All of these cases and the 2003 SARS-CoV-1 

escapes were comprehensively evaluated for insights into their geographical, epidemiological, 

phylogenetic, and other characteristics. All mentioned incidents were analysed using the identified 

factors to develop a framework that can be applied to the SARS-CoV-2 pandemic. 

Methods 

A literature review was conducted across the PubMed, ProMED-Mail, Scopus, and Web of 

Science databases using keywords to identify published literature on the seven laboratory-

confirmed outbreaks. Public information accessible on the World Health Organization (WHO) and 
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the Centres for Disease Control (CDC) platforms was gathered, as well as relevant news articles, 

government reports, correspondence, and grey literature published during the respective outbreaks. 

The information collected included historical facts, witness accounts, outbreak investigations, 

characteristics of the outbreak and strain, epidemiological parameters and descriptive statistics. An 

article or report was excluded if it contained no information on any risk variables analysed 

(geographical spread, genetics and phylogeny, epidemiological factors, timely and accurate 

reporting/infodemic).  

Summary of case studies 

Table 1 summarises the selected case studies, listing: the outbreak details, year of occurrence, 

country, pathogen, number of cases, exposures, and fatalities. 

1. The Cutter Laboratories polio vaccine trials across the western United States  

Poliomyelitis epidemics plagued the world in the 1950s, leading to intensive research into the 

development of inactivated or live-attenuated vaccines for poliovirus9. In April 1955, Cutter 

Laboratories in California was licensed to produce the Salk formaldehyde-inactivated polio 

vaccine (IPV), following successful trials10. However, some batches produced by Cutter 

Laboratories were insufficiently inactivated and contained live poliovirus11,12. Multiple children 

received these contaminated doses, leading to tens of thousands of abortive infections, dozens of 

paralytic cases, and several deaths, including secondary transmission within families and 

communities12,13. The incident shook public trust in vaccines, reshaped vaccine policy, and became 

a defining moment in the history of vaccine safety. 

Geographical spread 

Approximately 120,000 contaminated doses were administered to primarily grade-school children, 

and roughly 400,000 people received the Cutter vaccine during a 10-day period in mid-April. A 

majority of whom developed abortive polio9. Most cases occurred between late April and May 

1955, then declined sharply by June, aligning with the vaccination window12. Ultimately, at least 

220,000 people were exposed, including 100,000 household contacts of immunised children, 

resulting in 164 cases of severe paralysis and 10 deaths12.  

Infections clustered in states where the Cutter vaccine was widely used. California and Idaho 

experienced the highest numbers, while nearby states saw smaller outbreaks. Idaho typically 
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reported very low polio incidence (11 cases) during April–June in 1950 to 1954. In 1955, however, 

an eightfold increase (88 cases) was observed, of which 84 were attributable to vaccine–associated 

cases14. 

Genetic and clinical evidence 

Paralytic poliomyelitis developed 4 to 10 days after vaccination in patients12, with paralysis 

typically beginning in the inoculated arm, a pattern less common in natural poliomyelitis cases13,14. 

All early cases were linked to Cutter vaccine recipients, with secondary cases in their families and 

community contacts14,15. Severe neurological complications involving the central nervous system 

were noted in those who were administered the vaccine, as compared to family contacts as well15. 

The incidence of paralytic disease peaked in children aged 7 across the western US, reflecting an 

unusually high concentration of poliomyelitis in children, likely because they were heavily 

vaccinated under school programs in this region16.  

Laboratory investigations revealed that live type 1 poliovirus (the causative agent of the Cutter-

associated cases) was isolated from 7 of 8 vaccine lots, demonstrating failed inactivation. 

Additional findings of types 2 and 3 poliovirus in certain lots underscored multiple strains of 

poliovirus circulating at the time, even though types 2 and 3 did not result in clinical cases15,17.  

Epidemiological factors 

The number of cases among Cutter vaccine recipients and their contacts far exceeded what would 

be expected for natural poliomyelitis at the time, and vaccine recipients from other manufacturers 

showed no such pattern14. Moreover, Cutter vaccine-associated cases declined as cases of seasonal 

poliomyelitis began to increase14.  

Incubation periods among vaccinated children ranged from 4 to 15 days, shorter than the typical 

interval for naturally occurring polio, whereas contact cases showed incubation periods consistent 

with secondary transmission12. Vaccinated cases peaked approximately 1 week after vaccination, 

and secondary cases peaked 3 weeks after the midpoint of vaccination. The appearance of cases in 

waves is suggestive of a common-source outbreak14. 

Attack rate analysis of the vaccine lots revealed that two of three production pools were 

inadequately inactivated and accounted for a more than 10-fold increase in paralytic cases12. 
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Secondary attack rates in household contacts were similar to those seen in natural poliomyelitis, 

with limited spread to wider community contacts14. 

Timely and accurate reporting/Infodemic 

The Salk vaccine was licensed within a day under political pressure and distributed widely within 

two weeks11. Although the vaccine had passed required safety testing17, biosafety concerns at 

Cutter Laboratories were identified, including the use of the highly virulent Mahoney strain, 

insufficient viral inactivation, and inadequate safety testing11. The vaccine was swiftly withdrawn 

on April 27 after cases rose sharply12.  

Overall, communication with other scientists and the government was poor. Swedish researchers, 

such as Sven Gard, presented research showing that Salk’s vaccine inactivation procedure was 

ineffective18-20. Despite these concerns, Salk did not make the proposed changes, and the vaccine 

trial was launched in 1954, even though regulators lacked the capacity to validate each dose during 

production, relying on manufacturers for quality assessment11,18.  

In fact, a similar incident was documented in which another company using the Salk IPV, Wyeth 

Laboratories, was responsible for 37 vaccine-associated poliomyelitis cases. Yet, the report was 

kept confidential from public health authorities and the public11,18.  

Media further contributed to misinformation and infodemics, which eroded public trust in 

vaccines. Vaccine rates significantly dropped across the world18,21. The Cutter incident contributed 

to the shift toward Sabin’s oral polio vaccine (OPV) in the 1960s9. Both the Salk and Sabin 

vaccines were also found to have been contaminated with Simian Vacuolating Virus (SV40) due 

to inadequate formaldehyde inactivation of the monkey kidney cells used to cultivate poliovirus22. 

This led to SV40-contaminated polio vaccines being administered to millions of people between 

1955 and 19639. 

2. The re-emergence of the H1N1 Influenza virus in China and the Soviet Union 

Every pandemic influenza strain has replaced its predecessor strain23,24. However, in 1977, two 

serotype A viruses were recorded to co-circulate for the first time in history: the dominant H3N2 

subtype and the previously extinct human influenza A H1N1 virus25. This situation was due to an 

accidental release during laboratory activities.  
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Geographical spread 

The H1N1 influenza virus re-emerged in northeast China in May 1977 and soon after in the eastern 

Soviet Union26. The Soviet Union reported the outbreak to the WHO in September 1977, followed 

by Chinese reports in May 197827. The c.1957 strain initially spread in the Soviet Union, Hong 

Kong, and China, then rapidly worldwide, causing mild infections in individuals under 21 but 

resulting in over 700,000 deaths globally27,28.  

Genetic and clinical evidence 

Genetic analysis showed that the 1977 outbreak strain was closely related to strains from 1949–

1950 but distinct from the 1947 or 1957 strain28, suggesting it had likely been preserved since 

19528 and accidentally released when population immunity to H1 and N1 antigens declined9. 

Many isolates from the outbreak were temperature-sensitive, a marker of laboratory manipulation 

distinctive to live attenuated influenza vaccine (LAIV) studies.  However, not all strains were 

temperature-sensitive29; a mixed population of strains suggests a possible escape event during the 

temperature-sensitivity selection experiment27,29. The outbreak strain had low virulence, varied 

attack rates within the same region, and a low mortality rate, likely owing to attenuation and pre-

existing immunity in the older population1,27.  

Epidemiological factors 

The H1N1 virus spread more slowly nationwide in Liaoning (May–October) than the Asian H2N2 

pandemic in 1957 (February to March)27. This unusual disease progression may have been due to 

an unfavourable season, although off-season outbreaks suggest an unnatural origin.  

Two factors suggest that an incompletely attenuated vaccine strain caused the outbreak: ongoing 

research on LAIV at the time1 and the renewed interest in prophylaxis following the 1976 H1N1 

outbreak at Fort Dix, New Jersey30. It is plausible that a Chinese or Russian vaccine facility thawed 

and cultivated a c.1950 H1N1 influenza virus in response to the US “swine flu” program launched 

in the aftermath of the Fort Dix outbreak1.  

Timely and accurate reporting/Infodemic 

The source was debated, with suggestions of an accidental escape being refuted by Chinese and 

Soviet virologists27. Western scientists refrained from discussing the laboratory-origin theory to 

foster collaboration amid Cold War tension1. Natural-origin hypotheses included the possibility of 

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 8 

viral latency in an unspecified animal reservoir. In 2006, a paper suggested that the virus emerged 

from migratory birds at Siberian lakes, after isolating strains mistaken for avian H1N1 influenza 

virus from meltwater. The paper was criticised in 2008, where direct evidence demonstrated that 

the meltwater strain, ironically, was also leaked from a laboratory31. In 2009–2010, the laboratory 

release theory became widely accepted1. 

3. The release of inhalational Anthrax from an exhaust vent in Sverdlovsk, Soviet Union 

After WWII, the Soviet Union established an anthrax production plant32 in their Military Research 

Facility: Compound 19 in Sverdlovsk. The causative agent, Bacillus anthracis, mainly affects 

domestic animals and, occasionally, humans via cutaneous transfer or, rarely, through ingestion or 

inhalation33. Natural anthrax is almost always cutaneous, and inhalational anthrax should raise 

suspicion towards a deliberate event33.  

A clogged filter in the exhaust vent was removed but not replaced; machines ran for several hours 

as usual32. Anthrax aerosols escaped to a ceramic plant and a town nearby, where many workers 

were discovered ill. Within a week, most exposed workers had died, and hospitals received an 

influx of patients from different towns32.  

Geographical spread 

According to Soviet reports, the epidemic began in late March, took place from 4th April to 18th 

May 1979, and caused a total of 96 cases with 66 fatalities2. Witnesses claimed a death toll of 

~10532, and an article quoted as many as a thousand deaths33. The actual number of human fatalities 

or cases remains unknown, as it was reported that the KGB destroyed most hospital records32,34. 

In an attempt to conceal the truth, the incident was falsely attributed to gastrointestinal anthrax (a 

rare manifestation) resulting from consumption of anthrax-contaminated meat32. 

Genetic and clinical evidence 

Genetic studies dated the accident to April 3rd or 4th, 1979, consistent with the observed anthrax 

incubation period. The Soviet officials falsely reported the start date as March 30th 1979, 

manipulated medical records of early cases and issued fabricated death reports to the victims’ 

families as part of the cover-up32. They also denied inhalational anthrax, though this was later 

confirmed from autopsy data34. 
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Epidemiological factors 

It was estimated that victims were exposed to a far lower infectious dose (~1–10 or 100–2,000 

spores) than observed for naturally occurring inhalational anthrax (8,000–10,000 spores)35, 

signifying a potentially weaponised strain. This is consistent with early clinical studies, where 

more than four virulent strains of B. anthracis circulating during the accident were all traced to the 

biological weapons facility36. 

Most infected patients worked or lived close to the military facility (within 4 km)35, with animal 

cases detected up to 60 km away2. The aerosol size was estimated to be <5–10 microns to have 

allowed for extended dispersal and prolonged infection, more extensive than that observed in the 

2001 “Amerithrax” attacks (<5 microns)35. 

Autopsies confirmed that fatal cases resulted from inhalation exposure34,  a rare clinical form of 

natural anthrax35. The mean incubation period of the Sverdlovsk accident (~10 days, with some 

cases appearing after 43 days)2 was longer than that of naturally occurring anthrax outbreaks and 

even the 2001 Amerithrax intentional anthrax release (4–6 days)35. 

Timely and accurate reporting/Infodemic 

In November 1979, a Russian magazine reported that in April, ‘an explosion in the military facility 

of Sverdlovsk had released a cloud of deadly bacteria32. Western agencies later picked up coverage 

of the outbreak2, alleging it was a violation of the 1972 Biological Weapons Convention, though 

all claims of a laboratory accident were denied.  

Workers in Compound 19 raised biosafety concerns about airborne spores in the laboratory, 

clogged filters, and neglected maintenance checks32. After the accident, senior officers were 

alerted, but city officials and the Ministry of Defense in Moscow were not informed. 

On June 12, 1980, residents of Sverdlovsk were informed that the outbreak was caused by 

contaminated meat from illegal wet market stalls, leading to the culling of more than 100 stray 

dogs and animals in the vicinity32.  

Soviet authorities denied requests to permit independent scientists to investigate the incident2. An 

‘information war’ arose between those doubting a natural outbreak and those convinced of its 

natural origin. It took nine years for Soviet medical experts to disclose information about the 

Sverdlovsk incident to the US and thirteen years for then-Soviet President Boris Yeltsin to admit 
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to the accident1.  

4. The VEE epidemics in Venezuela and Colombia 

In 1995, one of the largest epidemics of Venezuelan equine encephalitis (VEE) was documented 

in Venezuela and Colombia9. VEE is an arboviral disease transmitted by mosquitoes that causes 

intermittent epizootics and sometimes human epidemics across the Americas. Equine disease is 

severe, while human infections range from asymptomatic to acute febrile illness with neurological 

complications, and fatality rates of 4 to 14%1,9. Naturally, VEE circulates at low levels in enzootic 

cycles. The enzootic strains (ID, IE, IF, II–VI) rarely cause major outbreaks, which occur only 

when an enzootic strain mutates into an epizootic subtype (IAB or IC) that efficiently amplifies in 

equines and drives widespread human spillover37,38.  

Epizootic strains have mutated from enzootic only three times (ID→IAB in the 1930s; ID→IC in 

1963 and again in 1992). However, many VEE outbreaks reported from the late 1930s through 

early 1970s were traced to inadequately inactivated veterinary vaccines derived from the 1938 IAB 

strain39,40. Residual live virus in the vaccines repeatedly sparked outbreaks until the seed strain 

was replaced with an attenuated variant in 1973, after which epizootics ceased for nearly 20 

years39,41 (Figure 1). Unlike the IAB strains, there is no record that subtype IC strains were ever 

used in vaccine production, hence an unlikely source of the 1995 outbreak. 

The 1995 outbreak in Venezuela and Colombia was unusual because this strain matched an IC 

virus used in diagnostic reagents in a local virology laboratory, one previously shown to contain 

live virus. Many investigators concluded that the 1995 epidemic most likely resulted from an 

inadvertent laboratory escape42 rather than natural evolutionary emergence43,44. 

Geographical spread 

In April 1995, veterinarians in Venezuela first detected equine deaths suggestive of VEE, followed 

by human febrile cases45. The outbreak began in eastern Falcón State, Venezuela and spread 

westward across states by mid-July. Transmission intensified in rural areas by late August, and by 

September–October, large numbers of human and equine cases were reported in the Colombian 

state of La Guajira44,46. Overall, the epidemic caused ≥100,000 human cases and ~300 deaths43-45.  

VEE outbreaks typically emerge in regions with known enzootic subtype ID circulation, and 

within localised equine–mosquito amplification cycles37,38. The only historical exception was the 
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1969–1971 outbreak originating in the Guajira peninsula, though the area had prior enzootic ID 

activity47. In contrast, the 1995 outbreak began abruptly in Falcón State, a region with no record 

of circulation of closely related enzootic ID progenitor strains48, or of laboratories or vaccine 

production facilities in close proximity49.  

Heavy rainfall in the normally arid Guajira region increased vector densities and expanded the 

spread44. However, unlike natural transmission patterns, the outbreak spread rapidly through rural 

areas with limited equine populations, suggesting that human–mosquito–human transmission was 

also occurring.  

Importantly, the 1995 virus was identical to a subtype IC antigen strain that was in regular use for 

antigen preparation in laboratories near the outbreak area at the time43. 

Genetic and clinical evidence 

Genomic analyses showed that the 1995 outbreak virus was subtype IC, which had previously 

caused two other major epidemics (1962 to 1963 and 1992 to 1993). It was a genetic match to a 

strain isolated in 1963, which had disappeared from nature 30 years ago43. The 1995 viral sequence 

showed almost no evolutionary change during the interepidemic period, inconsistent with 

estimates of epidemic and enzootic VEEV evolution rates, which indicate a relatively steady rate 

of nucleotide substitutions, on the order of 2–4 × 10–4 substitutions/nucleotide/year50-53. 

Phylogenetic analysis demonstrated sequence identity to the P676-ag virus, isolated from a 1982 

antigen preparation used for diagnostic testing in Venezuela43, explaining the genetic conservation 

between the epidemic events.  

Clinically, infected humans exhibited high viremias comparable to those in equines, sufficient to 

infect the epidemic mosquito vector44,54,55. Higher disease incidence was observed in unimmunized 

equines, particularly donkeys, due to low equine immunisation rates in the region45.  

Epidemiological factors 

The 1995 VEE epidemic displayed attack rates of ~36%, with some communities reporting rates 

as high as ~93%, far exceeding typical VEE epizootic patterns45. However, secondary attack rates 

were low in Colombian communities, and no secondary infections occurred among Venezuelan 

healthcare workers, indicating low person-to-person transmission despite extensive community 

spread56. 
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Field studies, before and after the epidemic, found no evidence of ongoing circulation of epizootic 

IAB or IC strains47,48,57, or enzootic ID viruses genetically related to the 1995 IC strains in northern 

Venezuela, demonstrating an absence of local natural reservoirs for the disease48. 

Natural transmission often generates genetic shift or drift due to low-dose mosquito transmission, 

which was not observed with the implicated strain58,59. Furthermore, the much faster geographic 

spread of the 1995 outbreak compared to the natural 1962–1964 epizootic suggests an atypical 

introduction rather than gradual local emergence44. 

Timely and accurate reporting/Infodemic 

The Colombian Ministry of Health and Animal Health Service deployed timely surveillance across 

La Guajira, generating real-time intelligence to guide vector control, equine vaccination, and 

movement restrictions. Implementation of early interventions, in line with animal health 

regulations, helped prevent wider domestic or international spread at a time when heavy rainfall 

had increased vector density and heightened epidemic risk46. 

While the spread of infodemic during the outbreak was limited, scientific discourse on the origins 

of the virus emerged years after the epidemic43. Between 2000 and 2003, outbreaks of a subtype 

IC strain genetically identical to the 1995 virus were reported in Venezuela, despite the strain no 

longer being widely used in laboratories (Figure 1)49. From 1995 to 2000, this IC lineage showed 

a ≈10-fold slower evolutionary rate, implying limited replication compared with typical mammal, 

mosquito, or equine transmission cycles49. Field investigations failed to identify reservoir hosts or 

vectors, and the outbreaks occurred at the end of the rainy season, which is not typical of the VEE 

epidemic pattern49. The 2000 strains also did not cluster phylogenetically with the P676-ag strain, 

and the 2000s outbreak locations were not near any diagnostic or vaccine production laboratories 

that work with VEEV either49. These findings suggest that the 2000 outbreaks involved naturally 

circulating strains that have remained genetically stable since the 1995 laboratory release. While 

these anomalies led the VEE working group to reconsider their suggestion of a laboratory origin, 

direct evidence of a natural mechanism causing prolonged genomic stasis in the subtype IC lineage 

was not identified. 

5. The SARS-CoV escapes in Singapore, Taiwan, and China. 

The initial risk of contracting SARS-CoV through laboratory exposure is very high– even a single 
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mishap could lead to a potential pandemic60. As evidenced by six documented escapes from high-

containment virology laboratories: one from a Biological Safety Level (BSL) 3 in Singapore, one 

from a BSL-4 in Taipei, and 4 from the same BSL-3 in Beijing1. Despite raising public health 

alarms, these escapes are not referenced in historical and official reviews of SARS-CoV infections. 

5.1 A laboratory exposure incident in Singapore 

In August 2003, a graduate student at the National University of Singapore (NUS) contracted 

SARS in a BSL-3 laboratory at the Institute of Environmental Health (EHI) Singapore despite 

handling West Nile Virus (WNV). Examination of the vials revealed that the WNV samples had 

been cross-contaminated with a SARS-CoV isolate61. The student’s sample preparation techniques 

were speculated to be the cause of infection. The infected student exposed 8 household contacts, 

2 community contacts, 32 hospital contacts, and 42 work contacts, of whom 25 were placed under 

home quarantine61. No secondary cases occurred. 

Investigations in the laboratory revealed poor record-keeping, missing or defective equipment, a 

lack of freezers, and HEPA/air filter problems, all of which were exacerbated by the student 

receiving insufficient training in BSL-3 procedures62. 

5.2 A laboratory spill in Taiwan 

In December 2003, research scientist Lieutenant-Colonel (LTC) Chan Jiacong at the Taiwan 

Military Institute of Preventive Medical Research (IPMR) acquired a SARS-CoV-1 infection, 

before travelling to Singapore for a conference, where he exposed fellow passengers and airline 

staff63.  

While working with SARS-CoV-1, LTC Chan found a leaking waste bag; in a hurry to travel, he 

inadequately disinfected the spill and incorrectly disposed of the waste without appropriate 

personal protective equipment64. WHO investigations revealed numerous safety violations in the 

laboratory, including poor record-keeping, long work shifts (12–14 hours), and the absence of 

incident-reporting protocol63. Original reports cited 95 contacts placed in quarantine, while WHO 

investigations reported only 74 contacts1.  

5.3 A laboratory-origin SARS-CoV-1 outbreak in China 

In April 2004, reports of a nurse with a hospital-acquired SARS-CoV-1 infection came from 

Beijing, China. She had contracted the illness from a graduate student who was admitted for 
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pneumonia in March. Eventually, the disease spread among their family contacts and healthcare 

workers over three generations, causing one death65. Official reports initially accounted for 9 total 

cases; however, investigations revealed 2 additional cases from February 200466 (Figure 2). 

Geographical spread 

The graduate student was interning at the viral diarrhoea department of the Chinese National 

Institute of Virology (NIV) in Beijing, a part of the China Centre for Disease Control (CCDC), 

and did not work with SARS-CoV nor in a BSL-3 laboratory; the exact mechanism of infection is 

unknown1. She travelled home by train while ill, where her mother developed a severe infection 

and died as a consequence of attending to her. The nurse who had contracted the illness from the 

student also transferred it to an additional five individuals (Figure 2)65. Investigations found 

another post-doctoral researcher at NIV who had been infected with SARS-CoV on 17 April 

200466. By the end of April, officially, 747 people were quarantined at NIV1 and unofficially, over 

a thousand people65. 

Further investigation found two more graduate students from the same department at NIV who 

contracted SARS-CoV independently in February66 (Figure 2). Official reports suggest that one of 

the doctoral students improperly inactivated a SARS-CoV sample, contaminating the electron 

microscopy room, from which the second student also acquired the infection65. Neither student 

caused secondary cases, and both recovered. The deactivation solution prepared to inactivate 

SARS had not been verified or recommended by the Ministry of Health65. 

Epidemiological factors 

Healthcare workers account for almost 16% of probable SARS-CoV cases with attack rates of 

>56%67. The attack rate (4.23%) and case fatality rate (9.1%) observed in the Beijing escapes were 

lower than the standard67, perhaps owing to timely interventions, such as quarantine and isolation, 

that prevented the outbreak from spreading further. The disease outbreak also occurred in the 

summer, a low season for virus spread. 

Timely and accurate reporting/Infodemic 

A joint WHO-China report reviewed the cases, though it did not mention two primary cases from 

February, which were officially discovered in May via IgG testing66. Since both students were 

hospitalised in February, the LAIs were known prior to the antigen testing. Perhaps these cases 
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were not disclosed by the institution in the April report65, as they were later recognised in a WHO 

report in October 200468. The WHO highlighted biosafety shortcomings with handling live SARS-

CoV and surveillance of LAIs at NIV1.  

6. The Foot-and-Mouth virus leak from drainage pipes in Pirbright, England 

The United Kingdom was free of Foot-and-Mouth Disease (FMD) for six years until its re-

emergence in 20069. FMD virus (FMDV) predominantly infects cattle, sheep, and pigs, with rare 

cases of mild illness in humans70. It is highly transmissible and can spread via contaminated 

surfaces, aerosols (up to 250 km), and fomites1,70. The natural FMD outbreak in 2001 incurred a 

$16 billion loss to the British economy1. On August 3rd 2007, the UK reported an FMD outbreak 

detected on a cattle farm in Surrey71. The pathogen escaped from the Pirbright campus, the only 

authorised facility in the UK for storing FMDV, specifically the Institute for Animal Health (IAH) 

and Merial, a vaccine manufacturer.  

Initial investigations ruled out aerosol or surface water transmission from Pirbright72 . Eventually, 

they revealed a damaged wastewater pipe connecting the Merial vaccine plant to the waste 

treatment plant in IAH, leaking partially treated waste into the ground and surface water. FMDV-

contaminated mud was carried from the campus to the farms via flooding, roads, and the tyres of 

construction vehicles parked at the site73. FMDV likely spread further via windborne and fomite 

transmission and was exacerbated by visitor car parks located near livestock areas73. 

Geographical spread 

The 2007 FMD outbreak infected eight premises and 278 animals, necessitating the culling of 

1,578 animals and resulting in estimated losses of £200 million74. The epidemic comprised two 

distinct clusters: two farms in the first cluster and six in the second75. The intermediary farm 

between the two infection clusters was missed during initial surveillance73.  

Genetic and clinical evidence 

The outbreak-causing virus was FMDV serotype O subtype BFS 1860 isolated in  

1967, a strain no longer circulating globally1 but used in large quantities (10,000 litres) at the 

Merial facility and in microquantities at IAH72. Both facilities fault the other, leaving the exact 

location of the outbreak uncertain1. Genomic analysis indicated a single escape of FMD from 
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Pirbright, dating between 13 and 26 July 200774, which caused the August outbreak and re-

emerged in mid-September 2007. 

The first cases of FMD were discovered in cattle, though pigs are more sensitive to FMDV 

infection in natural or introduced outbreaks and are often the first animals infected76. 

Additionally, ruminants are more susceptible to airborne infections77, and the FMDV vaccine 

production guidelines also focus on efficacy testing and immunisation in cattle78. The outbreak 

strain, which shows a greater affinity for ruminants, may indicate a released FMD vaccine strain.  

Epidemiological factors 

The second outbreak cluster began after a significant temporal lag75; the epidemic was prematurely 

deemed over, restrictions on livestock movement were lifted, and farm surveillance was eased71. 

Molecular analysis revealed that one of the two originally classified primary farms had been 

infected by the other, initially overlooked because it lay beyond the 10 km radius for animal 

epidemic monitoring79.  

Furthermore, risk mapping of the 2007 outbreak indicated an extremely low likelihood of local 

spread compared to the 2001 FMD outbreak75, with the sparse livestock density in Surrey raising 

suspicion of unnatural origins. Moreover, the R0 for the 2007 outbreak was ~15, much higher than 

that for the 2001 outbreak (~474. While the 2007 strain was more transmissible, there is evidence 

that a very low level of virus was circulating in infected animals74.  

Timely and accurate reporting/Infodemic 

The outbreak had a limited infodemic, as animal disease reporting is more strictly enforced and 

standardised, with delays in reporting risking immediate trade bans and fines. Under the World 

Organisation for Animal Health (WOAH, formerly known as the OIE) Animal Health Code, 

member states must notify within 24 hours of confirmation80, while the WHO International 

Health Regulations (IHR) allow 48 hours81 with no tangible penalties. Animal health 

surveillance covers a wider radius with multiple detection points, e.g., mandatory farm reporting, 

abattoir checks, etc82, whereas human health surveillance relies on public health data sharing, 

often hindered by resource constraints or patient privacy laws83.  
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Systemic gaps in communication and reporting were mirrored in site conditions, where long-

term damage to drainage pipework was known but unaddressed until FMD emerged in nearby 

farms84. 

7. The Brucella-contaminated waste-gas leak in Lanzhou, China 

Incident description 

The Lanzhou Brucella leak is the largest and longest recorded laboratory-origin outbreak85, 

surpassing the 1977 H1N1 and 1979 Sverdlovsk anthrax events2. Brucellosis, a globally prevalent 

zoonotic disease, poses significant public and animal health concerns despite its low human 

mortality rate86. It is transmitted to humans via contact with infected livestock, ingestion of 

unpasteurised dairy or undercooked meat, and, less commonly, aerosol inhalation, often from 

laboratory accidents or releases during microbiologic technique87.  

The first cases of Brucella spp. infections were detected in November 2019 at the Lanzhou 

Veterinary Research Institute (LVRI) in Gansu, China, with 181 positive individuals by 

December88. The outbreak originated from the Zhongmu Lanzhou Biopharmaceutical Plant, a 

state-owned facility producing Brucella vaccines for animals89. Expired disinfectants led to 

contaminated waste gas leaking from fermentation tanks downwind to LVRI and neighbouring 

communities85.  

Geographical spread 

Though the factory’s manufacturing license was revoked immediately, transmission continued for 

at least 12 months85. By 30 November 2020, the Health Commission of Lanzhou reported 10,528 

cases among 68,571 tested89. No deaths were reported, but the full extent of cases is inconclusive 

due to limited published official data85,86.  

Genetic and clinical evidence 

The leaked strain was a Brucella suis S2 strain, seldom studied in vaccine research86 and an 

uncommon cause of human brucellosis, which is generally caused by B. melitensis or B. abortus. 

Owing to its low infectious dosage, Brucella spp. accounts for almost 2% of all LAIs90, with many 

documented in China since 193686. 
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Prior incidents 

Despite its rarity, the S2 vaccine is widely used in China for animal protection88. In 2017, a similar 

outbreak caused by inactivated S2 vaccines was reported in Gansu, where 51 animal epidemic 

prevention controllers were positive (attack rate: 24.8%)88. In December 2020, another incident 

occurred at a biological products company in Chongqing, where 61 workers were positive (attack 

rate: 43.6%). The infection spread to nearby departments88. Neither facility complied with 

biosafety regulations: improper handling techniques, ineffective PPE, and ineffective emergency 

measures were identified86.   

Epidemiological factors 

Brucella was transmitted by aerosols from late July to August 201985,86, but the attack rate 

observed with the Lanzhou leak was much lower than typical laboratory exposures (~30%–

100%)91, ranging from ~12.9% to 15.4%. Moreover, no deaths were reported despite a case-fatality 

rate of 1-2% for brucellosis. 

Brucellosis outbreaks in Lanzhou are unusual, with low seroprevalence from 2013 to 2018, and 

have never been at risk of a Brucella epidemic92. The sudden increase in cases cannot be attributed 

to improved surveillance85, as low levels of brucellosis were detected in high-risk individuals93.  

Timely and accurate reporting/Infodemic 

The absence of official clinical data from the incident raises concerns about the effectiveness of 

the response by Chinese authorities85. One study revealed that 96 initially exposed individuals 

were asymptomatic but seroconverted, without mention of the total patients tested or follow-ups94. 

The incident has often been referenced in Chinese publications unrelated to the topic95,96. There 

were considerable delays in state action, and substandard biosafety and biosecurity regulations 

remain unresolved85.  

Summary of risk factors across laboratory-associated outbreaks 

Thematic analysis of the outbreaks identified nineteen biological and epidemiological indicators, 

and fourteen institutional, state, and social indicators (Table 2). Across the seven outbreaks, the 

lowest number of indicators (n=13) was noted in the 2003 SARS escapes, while the highest were 

observed in the 1955 Cutter Laboratories Polio incident (n=19) (Appendix S2). The number of 

biological and epidemiological indicators across these outbreaks ranged from 9 to 14, while the 
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institutional, state, and social indicators ranged from 3 to 9. The indicators observed across the 

seven laboratory-associated outbreaks were evaluated to develop risk criteria for flagging possible 

unnatural origins. The framework consists of five primary criteria, including: unusual strain 

characteristics, geographical features, epidemiological factors, peculiarities in clinical 

manifestation and/or affected population(s), and communication to the public and predating 

biosafety incidents of concern (Table 3). 

Discussion 

The study examined recurring epidemiological, operational, and governance features that 

distinguish laboratory-origin outbreaks from natural ones, drawing on historical cases and 

applying this analytical framework to the origins of SARS-CoV-2. These events are rarely 

attributable to a single technical failure, but rather an interplay of immediate laboratory-level 

breaches and systemic deficiencies in governance, oversight, and risk communication. 

Consistent indicators emerged across the examined outbreaks. Technical failures, such as 

inadequate handling and transfer of inactivated pathogens and poor maintenance, underpinned the 

majority of outbreaks. Sudden, unexplained deaths in animal populations within an area have 

historically served as sentinels for the release of infectious agents and have preceded human case 

recognition in outbreaks of Anthrax, VEE, Brucella, and FMD (Table 2). This reinforces the value 

of animal surveillance data for outbreak identification, as most pathogens released intentionally or 

unintentionally are zoonotic.  

Epidemiological, spatial, and geographical anomalies were recurrent across outbreaks1, as were 

atypical strain features97 (Table 2). Importantly, aside from the Anthrax escape, pathogens were 

often circulating prior to detection, demonstrating fragmented reporting and disease surveillance 

systems. Certain outbreaks lacked many biological and epidemiological indicators, but 

institutional/state/social factors pointed to outbreaks of laboratory origin, i.e., the 2003 SARS-

CoV-1 escapes and the 2019 Brucella leak. The opposite was also observed in the 2007 Pirbright 

FMDV leak, the 1955 Cutter Laboratories Polio incident, and the 1995 VEE epidemic, where 

biological and epidemiological indicators were more abundant than institutional and state factors 

(Appendix S2), suggesting that both classes of indicators should be considered when assessing 

laboratory origins. 
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While natural or unnatural origin cannot always be conclusively distinguished, such anomalies 

provide strong signals of possible unnatural origin7. The identified indicators were used to develop 

a framework of risk criteria for identifying such incidents (Table 3).  

Using this framework, the emergence of SARS-CoV-2 exhibited several indicators warranting 

structured assessment. Initial WHO missions in 2020 and 2021 concluded that a laboratory origin 

was highly improbable, but subsequent evaluations by the WHO Scientific Advisory Group for 

the Origins of Novel Pathogens (SAGO) reported that key data gaps persist and that a laboratory-

associated incident cannot be excluded due to incomplete access to requested information 98. The 

earliest recognised cluster occurred in Wuhan, which hosts two major coronavirus research 

facilities, including the Wuhan Institute of Virology (WIV), where research on SARS-related 

coronaviruses had been conducted99,100. Several early cases lacked exposure to the Huanan seafood 

market101, and although environmental sampling detected viral contamination, these findings could 

not distinguish between human introduction and infected animals102. No intermediate host has been 

definitively identified despite extensive sampling103. Reports suggesting pre-December 2019 

circulation in several countries remain unconfirmed owing to the absence of virus-neutralisation 

or sequencing data98. Clinical anomalies were also present, in particular, unique neuropathological 

and cardiovascular symptoms were observed in young adults104,105. Moreover, high rates of 

presymptomatic and asymptomatic transmission were seen in SARS-CoV-2 patients in 

comparison to the 2002-3 SARS-CoV-1 outbreak, where asymptomatic infection was rare. SARS-

CoV-2 achieved effective dissemination due to its widespread asymptomatic carriage in the 

population leading to undetected community spread.  

Genomic features attracting scientific interest include the presence of a furin cleavage site not 

observed in the closest known sarbecovirus106, early markers of high virulence107, and rapid 

adaptation to human transmission108. Although unusual, current analyses demonstrate that these 

features can arise through natural evolutionary mechanisms. The modified Grunow–Finke tool and 

the Radosavljevic–Belojevic method produced scores consistent with an unintentional laboratory-

related event6,109. However, these tools rely on incomplete datasets and assumptions and cannot 

substitute for direct virological or epidemiological evidence. Consistent with our risk criteria, 

recurrent themes included documented biosafety concerns, uncertainties in early transmission 

dynamics, marked clinical impact, genomic features of interest, and multiple early clusters. 

Although an accidental laboratory origin has been suggested, no direct evidence supports this 
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scenario, and many experts continue to view natural zoonotic spillover as the more likely pathway. 

A definitive resolution will require access to the missing data and continued investigation. 

All events detailed here were shaped by systemic weaknesses. Fragmented legislation, inadequate 

oversight, and poor governance allowed breaches to go unreported. Unlike animal health systems, 

international frameworks such as the IHR lack standardised implementation of guidelines for 

human outbreak reporting. Risk communication failures, whether through delay, omission, or 

disinformation, were a persistent feature undermining public trust and hindering containment 

efforts. 

These findings demonstrate that laboratory-origin outbreaks share a recognisable epidemiological 

and operational fingerprint, which, paired with systemic governance insights, can strengthen 

outbreak surveillance. Prevention demands a shift from reliance on technical safeguards to a 

systems-based approach, with cooperative governance, integrated One Health surveillance, 

transparent data sharing, and proactive risk communication. By embedding biosafety into these 

broader systems, accidental releases can become rare exceptions rather than recurrent events. 

Funding 

This research was funded in part, by the Wellcome Trust [220211/Z/20/Z]. For the purpose of 

Open Access, the author has applied a CC BY public copyright licence to any Author Accepted 

Manuscript version arising from this submission. 

Declarations of interests 

The authors declare no conflict of interest. 

Data availability statement 

No primary data was collected for this review. All original source data are available from the 

cited publications. Data extracted from published studies are presented in the supplementary 

materials. 

  

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 22 

References 

1. Furmanski M. Laboratory escapes and" Self-fulfilling prophecy" epidemics. Center for 

Arms Control and Nonproliferation 2014. 

2. Meselson M, Guillemin J, Hugh-Jones M, et al. The Sverdlovsk anthrax outbreak of 

1979. Science 1994; 266(5188): 1202-8. 

3. Qi W. Scientist in Taiwan contracts COVID-19 after P3 lab exposure, repeats SARS 

mistake. Global Times. 2021. 

4. Duizer E, Ruijs WL, Putri Hintaran A, Hafkamp MC, van der Veer M, te Wierik MJ. 

Wild poliovirus type 3 (WPV3)-shedding event following detection in environmental 

surveillance of poliovirus essential facilities, the Netherlands, November 2022 to January 2023. 

Eurosurveillance 2023; 28(5): 2300049. 

5. Chen X, Chughtai AA, MacIntyre CR. Application of a Risk Analysis Tool to Middle 

East Respiratory Syndrome Coronavirus (MERS-CoV) Outbreak in Saudi Arabia. Risk Analysis 

2020; 40(5): 915-25. 

6. Chen X, Kalyar F, Chughtai AA, MacIntyre CR. Use of a risk assessment tool to 

determine the origin of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Risk 

Analysis 2024; n/a(n/a). 

7. Raina MacIntyre C, Engells TE, Scotch M, et al. Converging and emerging threats to 

health security. Environmental Systems Decisions 2018; 38(2): 198-207. 

8. Sirotkin K, Sirotkin D. Might SARS-CoV-2 Have Arisen via Serial Passage through an 

Animal Host or Cell Culture?: A potential explanation for much of the novel coronavirus' 

distinctive genome. Bioessays 2020; 42(10): e2000091. 

9. Berche P. Laboratory-associated infections and biosafety. La Presse Médicale 2025: 

104277. 

10. Meldrum M. "A calculated risk": the Salk polio vaccine field trials of 1954. BMJ journal 

1998; 317(7167): 1233-6. 

11. Offit PA. The Cutter Incident: How America's First Polio Vaccine Led to the Growing 

Vaccine Crisis: Yale University Press; 2007. 

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 23 

12. Nathanson N, Langmuir AD. The Cutter Incident. Poliomyelitis following formaldehyde-

inactivated poliovirus vaccination in the United States during the spring of 1955: I. Background. 

American Journal of Epidemiology 1963; 78(1): 16-28. 

13. Offit PA. The Cutter incident, 50 years later. New England Journal of Medicine 2005; 

352(14): 1411-2. 

14. Nathanson N, Langmuir AD. The Cutter incident. Poliomyelitis following formaldehyde-

inactivated poliovirus vaccination in the United States during the Spring of 1955: II. Relationship 

of Poliomyelitis to Cutter Vaccine. American Journal of Epidemiology 1995; 142(2): 109-40. 

15. Nathanson N, Langmuir AD. The Cutter Incident. Poliomyelitis following formaldehyde-

inactivated poliovirus vaccination in the United States during the spring of 1955: III. Comparison 

of the clinical character of vaccinated and contact cases occuring after use of high rate lots of 

Cutter Vaccine. American Journal of Epidemiology 1963; 78(1): 61-81. 

16. Hall WJ, Nathanson N, Langmuir AD. The age distribution of poliomyelitis in the United 

States in 1955. American Journal of Hygiene 1957; 66(2): 214-34. 

17. Thrupp LD, Forester H, Brody JA, Langmuir AD. Surveillance of poliomyelitis in the 

United States in 1957. 1958. 

18. Axelsson P. The Cutter incident and the development of a Swedish polio vaccine, 1952-

1957. Dynamis 2011; 32: 311-28. 

19. Norrby E, Prusiner SB. Polio and Nobel prizes: looking back 50 years. Annals of 

Neurology 2007; 61(5): 385-95. 

20. Clark JMP. POLIOMYELITIS: Papers and Discussions Presented at the Third 

International Poliomyelitis Conference. . In: Co. PaMJBL, editor. Third International 

Poliomyelitis Conference; 1956; Rome, Italy: Pitman Medical Publishing Co. Ltd., London; 

1956. p. 202-5. 

21. Day A. 'An American Tragedy'. The Cutter Incident and its Implications for the Salk 

Polio Vaccine in New Zealand 1955-1960. Health and History 2009; 11(2): 42-61. 

22. McCormick MC, Almario DA, Stratton K. Immunization safety review: SV40 

contamination of polio vaccine and cancer. 2003. 

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 24 

23. Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y. Evolution and ecology 

of influenza A viruses. Microbiological Reviews 1992; 56(1): 152-79. 

24. Zimmer SM, Burke DS. Historical Perspective — Emergence of Influenza A (H1N1) 

Viruses. New England Journal of Medicine 2009; 361(3): 279-85. 

25. Finkelman BS, Viboud C, Koelle K, Ferrari MJ, Bharti N, Grenfell BT. Global Patterns 

in Seasonal Activity of Influenza A/H3N2, A/H1N1, and B from 1997 to 2005: Viral 

Coexistence and Latitudinal Gradients. PLOS ONE 2007; 2(12): e1296. 

26. World Health Organization W. Weekly Epidemiological Record: WHO, 1978. 

27. Kung HC, Jen KF, Yuan WC, Tien SF, Chu CM. Influenza in China in 1977: recurrence 

of influenzavirus A subtype H1N1. Bulletin of the World Health Organization 1978; 56(6): 913-

8. 

28. Scholtissek C, von Hoyningen V, Rott R. Genetic relatedness between the new 1977 

epidemic strains (H1N1) of influenza and human influenza strains isolated between 1947 and 

1957 (H1N1). Virology 1978; 89(2): 613-7. 

29. Oxford JS, Corcoran T, Schild GC. Naturally occurring temperature-sensitive influenza 

A viruses of the H1N1 and H3N2 subtypes. Journal of General Virology 1980; 48(Pt 2): 383-9. 

30. Lessler J, Cummings DA, Fishman S, Vora A, Burke DS. Transmissibility of swine flu at 

Fort Dix, 1976. Journal of the Royal Society Interface 2007; 4(15): 755-62. 

31. Worobey M. Phylogenetic evidence against evolutionary stasis and natural abiotic 

reservoirs of influenza A virus. Journal of Virology 2008; 82(7): 3769-74. 

32. Alibek K, Handelman S. Biohazard: The Chilling True Story of the Largest Covert 

Biological Weapons Program in the World--Told from the Inside by the Man Who Ran It: 

Random House Publishing Group; 1999. 

33. Riedel S. Biological warfare and bioterrorism: a historical review. Baylor University 

Medical Center Proceedings 2004; 17(4): 400-6. 

34. Abramova FA, Grinberg LM, Yampolskaya OV, Walker DH. Pathology of inhalational 

anthrax in 42 cases from the Sverdlovsk outbreak of 1979. Proceedings of the National Academy 

of Sciences, USA 1993; 90(6): 2291-4. 

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 25 

35. Wilkening DA. Sverdlovsk revisited: modeling human inhalation anthrax. Proceedings of 

the National Academy of Sciences, USA 2006; 103(20): 7589-94. 

36. Jackson PJ, Hugh-Jones ME, Adair DM, et al. PCR analysis of tissue samples from the 

1979 Sverdlovsk anthrax victims: the presence of multiple Bacillus anthracis strains in different 

victims. Proceedings of National Academy of Sciences, USA 1998; 95(3): 1224-9. 

37. Weaver SC, Ferro C, Barrera R, Boshell J, Navarro JC. Venezuelan equine encephalitis. 

Annual Review Entomology 2004; 49: 141-74. 

38. Powers AM, Oberste MS, Brault AC, et al. Repeated emergence of epidemic/epizootic 

Venezuelan equine encephalitis from a single genotype of enzootic subtype ID virus. Journal of 

Virology 1997; 71(9): 6697-705. 

39. Weaver SC, Pfeffer M, Marriott K, Kang W, Kinney RM. Genetic evidence for the 

origins of Venezuelan equine encephalitis virus subtype IAB outbreaks. American Journal of 

Tropical Medicine and Hygiene 1999; 60(3): 441-8. 

40. Kinney RM, Tsuchiya KR, Sneider JM, Trent DW. Molecular evidence for the origin of 

the widespread Venezuelan equine encephalitis epizootic of 1969 to 1972. Journal of General 

Virology 1992; 73 ( Pt 12): 3301-5. 

41. Pittman PR, Makuch RS, Mangiafico JA, Cannon TL, Gibbs PH, Peters CJ. Long-term 

duration of detectable neutralizing antibodies after administration of live-attenuated VEE vaccine 

and following booster vaccination with inactivated VEE vaccine. Vaccine 1996; 14(4): 337-43. 

42. Richmond JY, McKinney RW. Biosafety in microbiological and biomedical laboratories: 

US Government Printing Office; 2009. 

43. Brault AC, Powers AM, Medina G, et al. Potential sources of the 1995 Venezuelan 

equine encephalitis subtype IC epidemic. Journal of Virology 2001; 75(13): 5823-32. 

44. Weaver SC, Salas R, Rico-Hesse R, et al. Re-emergence of epidemic Venezuelan equine 

encephalomyelitis in South America. The Lancet 1996; 348(9025): 436-40. 

45. Rivas F, Diaz LA, Cardenas VM, et al. Epidemic Venezuelan equine encephalitis in La 

Guajira, Colombia, 1995. Journal of Infectious Disease 1997; 175(4): 828-32. 

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 26 

46. Pan American Health Organization P. Outbreak of Venezuelan equine encephalitis, 1995. 

PAHO Epidemiological Bulletin;16(4),dec 1995 1995. 

47. Walder R, Suarez OM, Calisher CH. Arbovirus studies in the Guajira region of 

Venezuela: activities of eastern equine encephalitis and Venezuelan equine encephalitis viruses 

during an interepizootic period. American Journal of Tropical Medicine and Hygiene 1984; 

33(4): 699-707. 

48. Salas RA, Garcia CZ, Liria J, et al. Ecological studies of enzootic Venezuelan equine 

encephalitis in north-central Venezuela, 1997-1998. American Journal of Tropical Medicine and 

Hygiene 2001; 64(1-2): 84-92. 

49. Navarro JC, Medina G, Vasquez C, et al. Postepizootic persistence of Venezuelan equine 

encephalitis virus, Venezuela. Emerging Infectious Diseases 2005; 11(12): 1907-15. 

50. Weaver SC, Hagenbaugh A, Bellew LA, et al. Evolution of alphaviruses in the eastern 

equine encephalomyelitis complex. Journal of Virology 1994; 68(1): 158-69. 

51. Cilnis MJ, Kang W, Weaver SC. Genetic conservation of Highlands J viruses. Virology 

1996; 218(2): 343-51. 

52. Brault AC, Powers AM, Chavez CL, et al. Genetic and antigenic diversity among eastern 

equine encephalitis viruses from North, Central, and South America. American Journal of 

Tropical Medicine and Hygiene 1999; 61(4): 579-86. 

53. Estrada-Franco JG, Navarro-Lopez R, Freier JE, et al. Venezuelan equine encephalitis 

virus, southern Mexico. Emerging Infectious Diseases 2004; 10(12): 2113-21. 

54. Suárez OM, Bergold GH. Investigations of an outbreak of Venezuelan equine 

encephalitis in towns of eastern Venezuela. American Journal of Tropical Medicine and Hygiene 

1968; 17(6): 875-80. 

55. Sudia W. Arthropod vectors of epidemic Venezuelan equine encephalitis. 1972. 

56. Update: Venezuelan equine encephalitis--Colombia, 1995. MMWR Morbidity and 

Mortality Weekly Report 1995; 44(41): 775-7. 

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 27 

57. Dickerman RW, Cupp EW, Groot H, et al. Venezuelan equine encephalitis virus activity 

in northern Colombia during April and May 1983. Bulletin of the Pan American Health 

Organization 1986; 20(3): 276-83. 

58. Weaver SC, Brault AC, Kang W, Holland JJ. Genetic and fitness changes accompanying 

adaptation of an arbovirus to vertebrate and invertebrate cells. Journal of Virology 1999; 73(5): 

4316-26. 

59. Weaver SC, Scott TW, Lorenz LH. Patterns of eastern equine encephalomyelitis virus 

infection in Culiseta melanura (Diptera: Culicidae). Journal of Medical Entomology 1990; 27(5): 

878-91. 

60. WHO WHO. WHO post-outbreak biosafety guidelines for handling of SARS-CoV 

specimens and cultures, 2003. 

61. Lim PL, Kurup A, Gopalakrishna G, et al. Laboratory-acquired severe acute respiratory 

syndrome. N Engl J Med 2004; 350(17): 1740-5. 

62. Singapore Ministry of Health S. Biosafety and SARS Incident in Singapore September 

2003. . http://www.biosafety.be/CU/PDF/Report_SARS_Singapore.pdf, 2003. 

63. World Health Organization W. Severe acute respiratory syndrome in Taiwan, China. Dec 

17, 2003. http://www.who.int/csr/don/2003_12_17/en, 2004. 

64. Center for Disease Control Taiwan T. Report of a laboratory-acquired confirmed SARS 

case in Taiwan (revised 2nd edition) CDC, 2004. 

65. Demaneuf G. The Good, the Bad and the Ugly: a review of SARS Lab Escapes 2020.  

(accessed. 

66. Liang WN, Zhao T, Liu ZJ, et al. Severe acute respiratory syndrome--retrospect and 

lessons of 2004 outbreak in China. Biomedical and Environmental Sciences 2006; 19(6): 445-51. 

67. Liang W, Zhu Z, Guo J, et al. Severe acute respiratory syndrome, Beijing, 2003. 

Emerging Infectious Diseases 2004; 10(1): 25-31. 

68. World Health Organization W. WHO SARS Risk Assessment and Preparedness 

Framework: WHO, 2004. 

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 28 

69. World Organization of Animal Health W. List of FMD Free Members. 

www.oie.int/eng/Status/FMD/en_fmd_free.htm. , 2010. 

70. Blacksell SD, Dhawan S, Kusumoto M, et al. The Biosafety Research Road Map: The 

Search for Evidence to Support Practices in the Laboratory-Foot and Mouth Disease Virus. 

Applied Biosafety 2023; 28(4): 199-215. 

71. DEFRA. FMD Epidemiology Report 24/09/07. 2007. 

72. The Health and Safety Executive H. Initial report on potential breaches of biosecurity at 

the Pirbright site 2007. 

http://webarchive.nationalarchives.gov.uk/20130123162956/http:/www.defra.gov.uk/news/2007/

070807b.htm/, 2007. 

73. DEFRA. FMD Epidemiology Report 30/09/07. 2007. 

74. Ryan E, Gloster J, Reid SM, et al. Clinical and laboratory investigations of the outbreaks 

of foot-and-mouth disease in southern England in 2007. Veterinary Record 2008; 163(5): 139-

47. 

75. Bessell P. Spatial epidemiology of Foot and Mouth Disease in Great Britain; 2009. 

76. Alexandersen S, Zhang Z, Donaldson AI, Garland AJM. The Pathogenesis and Diagnosis 

of Foot-and-Mouth Disease. Journal of Comparative Pathology 2003; 129(1): 1-36. 

77. Alexandersen S, Donaldson AI. Further studies to quantify the dose of natural aerosols of 

foot-and-mouth disease virus for pigs. Epidemiology and Infection 2002; 128(2): 313-23. 

78. Stenfeldt C, Diaz-San Segundo F, de los Santos T, Rodriguez LL, Arzt J. The 

Pathogenesis of Foot-and-Mouth Disease in Pigs. Frontiers in Veterinary Science 2016; Volume 

3 - 2016. 

79. Ethelberg S, Smith B, Torpdahl M, et al. Outbreak of non-O157 Shiga toxin-producing 

Escherichia coli infection from consumption of beef sausage. Clinical Infectious Diseases 2009; 

48(8): e78-81. 

80. (WOAH) WOfAH. Terrestrial Animal Health Code.  Chapter 11 Notification of diseases, 

infections and infestations, and provision of epidemiological information; 2024. 

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 29 

81. World Health Organization W. International Health Regulations.  Articles 6 & 7 

(Notification) and Article 56 (Settlement of disputes); 2016. 

82. (WOAH) WOfAH. Terrestrial Animal Health Code.  Animal Health Surveillance; 2023. 

83. Wilson K, Halabi S, Gostin LO. The International Health Regulations (2005), the threat 

of populism and the COVID-19 pandemic. Global Health 2020; 16(1): 70. 

84. Walker P. Foot and mouth reports blame lab site drains. The Guardian. 2007. 

85. Pappas G. The Lanzhou Brucella Leak: The Largest Laboratory Accident in the History 

of Infectious Diseases? Clinical Infectious Diseases 2022; 75(10): 1845-7. 

86. Liu Z, Wang M, Tian Y, Li Z, Gao L, Li Z. A systematic analysis of and 

recommendations for public health events involving brucellosis from 2006 to 2019 in China. Ann 

Med 2022; 54(1): 1859-66. 

87. Ackelsberg J, Liddicoat A, Burke T, et al. Brucella Exposure Risk Events in 10 Clinical 

Laboratories, New York City, USA, 2015 to 2017. J Clin Microbiol 2020; 58(2). 

88. zhu x, zhao z, wang c, et al. Laboratory-Acquired Brucella Infection and S2 Vaccine 

infection Events in China; 2020. 

89. Health Commission of Lanzhou City L. Bulletin of the handling of the Brucella antibody 

positive incident of Lanzhou Institute. 

https://wjw.lanzhou.gov.cn/art/2020/9/15/art_4531_928158.html: Lanzhou Municipal People's 

Government Office, 2020. 

90. Robichaud S, Libman M, Behr M, Rubin E. Prevention of laboratory-acquired 

brucellosis. Clinical Infectious Diseases 2004; 38(12): e119-22. 

91. Yagupsky P, Peled N, Riesenberg K, Banai M. Exposure of hospital personnel to 

Brucella melitensis and occurrence of laboratory-acquired disease in an endemic area. 

Scandinavian Journal of Infectious Diseases 2000; 32(1): 31-5. 

92. Zhu X, Zhao Z, Ma S, et al. Brucella melitensis, a latent "travel bacterium," continual 

spread and expansion from Northern to Southern China and its relationship to worldwide 

lineages. Emerging Microbes and Infections 2020; 9(1): 1618-27. 

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 30 

93. Lin S, Wang Z, Liu X, et al. Serological Prevalence Survey Among the High-Risk 

Populations of Brucellosis-Endemic Areas - China, 2019-2020. China CDC Weekly 2021; 3(6): 

101-5. 

94. Yang H, Zhang X, Hu J, et al. Asymptomatic infection outcomes for brucellosis: A meta-

analysis; 2020. 

95. Zhang X, Chen J, Cheng H, et al. MicroRNA-155 expression with Brucella infection in 

vitro and in vivo and decreased serum levels of MicroRNA-155 in patients with brucellosis. 

Scientific Reports 2022; 12(1): 4181. 

96. Chen Y, Wang Y, Robertson ID, Hu C, Chen H, Guo A. Key issues affecting the current 

status of infectious diseases in Chinese cattle farms and their control through vaccination. 

Vaccine 2021; 39(30): 4184-9. 

97. Treadwell TA, Koo D, Kuker K, Khan AS. Epidemiologic clues to bioterrorism. Public 

Health Reports 2003; 118(2): 92-8. 

98. World Health Organization W. Independent assessment of the origins of SARS-CoV-2 

from the Scientific Advisory Group for the Origins of Novel Pathogens (SAGO). Geneva, 

Switzerland, 2025. 

99. Ge XY, Li JL, Yang XL, et al. Isolation and characterization of a bat SARS-like 

coronavirus that uses the ACE2 receptor. Nature 2013; 503(7477): 535-8. 

100. Latinne A, Hu B, Olival KJ, et al. Origin and cross-species transmission of bat 

coronaviruses in China. Nature Communications 2020; 11(1): 4235. 

101. Li Q, Guan X, Wu P, et al. Early Transmission Dynamics in Wuhan, China, of Novel 

Coronavirus-Infected Pneumonia. New England Journal of Medicine 2020; 382(13): 1199-207. 

102. Worobey M, Levy JI, Malpica Serrano L, et al. The Huanan Seafood Wholesale Market 

in Wuhan was the early epicenter of the COVID-19 pandemic. Science 2022; 377(6609): 951-9. 

103. Andersen KG, Rambaut A, Lipkin WI, Holmes EC, Garry RF. The proximal origin of 

SARS-CoV-2. Nature Medicine 2020; 26(4): 450-2. 

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 31 

104. Akhtar Z, Trent M, Moa A, Tan TC, Fröbert O, MacIntyre CR. The impact of COVID-19 

and COVID vaccination on cardiovascular outcomes. European Heart Journal Supplements 

2023; 25(Suppl A): A42-a9. 

105. Chen X, Kalyar F, Chughtai AA, MacIntyre CR. Use of a risk assessment tool to 

determine the origin of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Risk 

Analysis 2024; 44(8): 1896-906. 

106. Coutard B, Valle C, de Lamballerie X, Canard B, Seidah NG, Decroly E. The spike 

glycoprotein of the new coronavirus 2019-nCoV contains a furin-like cleavage site absent in 

CoV of the same clade. Antiviral Research 2020; 176: 104742. 

107. McLean G, Kamil J, Lee B, et al. The impact of evolving SARS-CoV-2 mutations and 

variants on COVID-19 vaccines. MBio 2022; 13(2): e02979-21. 

108. Piplani S, Singh PK, Winkler DA, Petrovsky N. In silico comparison of SARS-CoV-2 

spike protein-ACE2 binding affinities across species and implications for virus origin. Scientific 

Reports 2021; 11(1): 13063. 

109. Radosavljevic V. Analysis of COVID-19 outbreak origin in China in 2019 using 

differentiation method for unusual epidemiological events. Open Medicine 2021; 16(1): 955-63. 

 

  

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 32 

Figure 1 

 

 

  

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 33 

Figure 2 

 

 

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 34 

 

  

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 35 

 

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 36 

 

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 37 

 

  

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915


 

 38 

 

https://doi.org/10.1017/S0950268825100915 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268825100915

