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Preface

Preventable diseases among cross-cultural communities are rampant, causing untold human
suffering, and consequently untimely premature deaths occur particularly in poor-resource
settings. These human sufferings, including deaths, can be reduced or avoided by applying
routine principles of hygiene in individuals’ lives as some of them are purely simple rem‐
edies, which are inexpensive, affordable, acceptable and easily accessible. Generally, it is an
individual’s responsibility to guard the different aspects of his or her own health, conse‐
quently resulting in a positive change in the lifestyle and good health-seeking behaviour.

It is in the view of the authors that the readers of this book will derive maximum benefits
from it and act as change agents in their places of work and the communities they live or
serve. It is evident that change is first enacted from within the mindset of an individual,
then transmitted to families, groups and communities, and eventually the mindset of a na‐
tion can change creating an environment which is better for everybody to live in.

This book contains chapters discussing conditions or diseases that may not be common in
the readers’ area. Caution as such may never be underestimated considering the fact that we
are living in a global village where one can never say ‘this does not occur in my area’ but
rather question, does this occur in my community, why does it occur, who is affected, where
and when does it occur and what can be done about it? These questions constitute what
epidemiology is all about, and their precise and comprehensive answers can transform lives
and help us have the right perceptions for the health challenges we face and accept the pos‐
sibility of dealing with them directly. It is only when we can all jointly acknowledge and
accept that ‘this is our problem’ as opposed to ‘it is theirs’ that this notion can help us deal
with the ‘epidemiology of communicable and non-communicable diseases: attributes of life‐
style and nature on humankind’.

Fyson H. Kasenga, PhD, MPH
Malawi Adventist University

Malamulo College of Health of Sciences
Makwasa, Malawi
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Epidemiology and Investigation of Foot‐and‐Mouth

Disease (FMD) in the Republic of Korea

Hachung Yoon, Wooseog Jeong, Jida Choi,

Yong Myung Kang and Hong Sik Park

Additional information is available at the end of the chapter
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Provisional chapter

Epidemiology and Investigation of Foot‐and‐Mouth Disease
(FMD) in the Republic of Korea

Hachung Yoon, Wooseog Jeong, Jida Choi,
Yong Myung Kang and Hong Sik Park

Additional information is available at the end of the chapter

Abstract

This chapter describes about the experience of dealing with FMD outbreaks in the
Republic of Korea. We explain what is FMD, the concept of epidemiological investiga‐
tion on outbreak sites of FMD, including the episode of detecting the index case for
seven epidemics occurred since 2000, and information obtained from investigation in
Korea. In any case, farmers’ attitude (recognize clinical signs and report suspected cases)
played the essential role in determining size and duration of epidemics. A rapid and
correct diagnosis including clinical examination and laboratory test for confirmation is
also important.

Keywords: foot‐and‐mouth disease (FMD), investigation, control measures, surveil‐
lance, Republic of Korea

1. Introduction

Foot‐and‐mouth disease (FMD) caused by virus infection of a small non‐enveloped ribonucleic
acid (RNA) virus belongs to family Picornaviridae, genus Aphthovirus. FMD virus affects
Cloven‐hoofed domestic  animals  including cattle,  pig,  sheep,  goat,  deer,  boar,  and wild
animals. Due to its high contagiousness, FMD has a great potential for causing severe economic
loss. There are seven immunologically distinct serotypes of FMD virus: O (Oise Valley), A
(Allemand), C, Asia1, SAT (southern African territories)‐1, SAT‐2, SAT‐3. According to the
homogeneity of gene sequence of VP1 protein (approximately 639 base pairs, bps), the virus’
topotype (concerns to the location) and lineage (concerns to the ancestor) are further catego‐

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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rized. RNA viruses show frequent spontaneous mutation, which results in emergence of new
lineages. Phylogenetic analysis allows tracking the evolution and the origin of strains [1].

Clinical signs of FMD are characterized by vesicles in foot, mouth, and teats. Virus starts
excreting 2 days before the appearance of clinical signs (4 days in case of milk), and antibody
can be detected from 3‐5 days after the appearance of clinical signs. High levels of antibodies
are reached 2–4 days later and remained for many months. The virus disappears upon the
appearance of antibody in most parts of the body. However, it continues to be detected
exceptionally in laryngo‐pharyngeal fluid. Antibodies to FMD virus are directed against
structural proteins (SP) in the viral capsid and non‐structural proteins (NSP) in the process of
virus replication. SP antibodies are relatively serotype specific and induced by both vaccination
and infection. Meanwhile, NSP antibodies are not serotype specific and induced by infection
but rarely by non‐purified vaccine also. SP antibodies usually start to appear approximately
3–4 days after the appearance of clinical signs, while 6–7 days in case of NSP antibodies [2, 3].

FMD occurs throughout the world, mainly in countries of Asia, Africa and parts of South
America. It is the first disease for which the OIE (World Organisation for Animal Health)
established an official list of free countries upon the science‐based standards, guidelines and
recommendations [4]. The Republic of Korea had been free from FMD without vaccination for
the past 66 years, before a the outbreak of FMD in March 2000. In this chapter, epidemics of
FMD in Korea from 2000 to 2015 are described together with their epidemiological character‐
istics.

2. Epidemics of FMD in Korea

Since 2000, Korea has experienced seven epidemics of FMD: March–April 2000, May–June
2002, January 2010, April–May 2010, November 2010–April 2011, July–August 2014, and
December 2014–April 2015 [Table 1 and Figure 1].

Year

Month

(Index

region)

2000 2002 2010 2014

January

(Pocheon)

April

(Ganghwa)

November

(Andong)

July

(Euseong)

December

(Jincheon)

Epidemic

period

3.24–4.15

(23 days)

5.2–6.23

(53 days)

1.2–1.29

(28 days)

4.8–5.6

(29 days)

’10.11.28

–’11.4.21

(145 days)

7.23–8.6

(15 days)

’14.12.3

–’15.4.28

(147 days)

Number of

outbreaks

15 16 6 11 153 3 185

Regions

affected

6 counties

in 3

provinces 

4 counties

in 2

provinces 

2 counties

in 1

province 

4 counties

in 4

provinces 

75 counties

in 11

provinces 

3 counties

in 2

provinces 

33 counties

in 7 provinces
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Year

Month

(Index

region)

2000 2002 2010 2014

January

(Pocheon)

April

(Ganghwa)

November

(Andong)

July

(Euseong)

December

(Jincheon)

Serotype O

(Pan‐Asia

O1) 

O

(Pan‐Asia

O1) 

A O

(SEA)

O

(SEA)

O

(SEA)

O

(SEA)

Slaughter

(No. of

animals)

12,216 from

182 farms

160,155

from 162

farms 

5,956 from

55 farms 

49,874 from

395 farms 

3,479,000

from 6,241

farms 

2,009 from

3 farms 

172,798 from

196 farms

Vaccination Ring None None None Nationwide Nationwide Nationwide

Table 1. Epidemics of FMD in Korea from 2000 to 2015.

Figure 1. Distribution of outbreak farms of FMD in Korea from 2000 to 2015.
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2.1. Epidemic in 2000

A suspected case was first reported from a dairy cattle farm in Paju, Gyeonggi‐do, on 20 March
2000. Serotype O FMD virus was identified, which included in the Pan‐Asian topotype. The
route of virus introduction into Korea remains unclear. Fifteen outbreaks were reported until
15 April 2000. The outbreaks were concentrated in six counties of three provinces. There was
one outbreak per county with the exception of one county, Hongseong, Chungcheongnam‐do,
from which 10 outbreaks were reported. All of the outbreaks in this epidemic involved cattle
farm. A total of 2,216 cloven‐hoofed animals of 182 farms were destroyed including all infected
and neighbor farms within 500 m radius. Emergency vaccination (double‐oil emulsion
vaccines containing inactivated FMD virus strain O1 Manisa) of all susceptible animals within
3 km of radius of outbreak farms was performed. During the first round, 860,700 animals and
661,770 for the second booster round had been vaccinated by August 2000. All vaccinated
animals except for soon to be slaughtered finishing pigs were indicated with ear marking either
by punching holes (pigs) or by branding (cattle, goat, and deer). The animals have been
registered and maintained by county offices to be directly transferred to designated slaugh‐
terhouses. Between first and second round of vaccinations, a total of 198,930 animals have been
either slaughtered through a government buying out program or sent to the designated
slaughterhouses. In the vaccinated zones, clinical inspections by field veterinarians as well as
statistically designed serological surveillance were performed [5]. The country regained the
previous status of FMD free country without vaccination from the OIE in September 2001.

2.2. Epidemic in 2002

On 2 May 2002, a suspect case with vesicles on the nose, tongue, hoof and teat, deletion of
hooves, and high mortality in piglets was reported at a pig farm located in Anseong, Gyeonggi‐
do. The second case was reported the next day at a pig farm in Jincheon, Chungcheongbuk‐
do. Serotype O FMD was confirmed on a total of 16 farms (15 pig farms and one cattle farm).
It was concluded that the use of vaccines was not advisable for this epidemic. The following
facts explain the reasons: The outbreaks were in intensive pig farming areas and some
surrounding farms would already likely be infected; period required for pigs to gain immunity
is 2–3 weeks, during which they would still be vulnerable to infection; the use of vaccination
would prolong the required period to regain FMD free status; there was a risk of spread by
vaccination teams; and vaccination would hinder the effectiveness of surveillance, making it
difficult to detect any new FMD cases. Most of all, the epidemic was not spreading out of control
[6].

2.3. Epidemic in January 2010

A private veterinarian notified early symptoms indicative of FMD such as loss of appetite and
hyper‐salivation on a dairy cattle farm in Pocheon, Gyeonggi‐do, on 2 January 2010. Local
veterinary service visited the farm, but lack of FMD‐specific lesions at that time interfered a
proper sampling for laboratory test. The farm was placed under close observation. On 6
January, FMD‐specific lesions including erosion and ulcer in oral cavity and nasal passage, as
well as ulcer and crust on teats, were observed. FMD virus serotype A was confirmed. All of

Epidemiology of Communicable and Non-Communicable Diseases - Attributes of Lifestyle and Nature on Humankind6
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six cases in cattle farm in this epidemic were detected within 3.8 km radius from the first
outbreak farm [7].

2.4. Epidemic in April to May 2010

An outbreak of FMD serotype O was confirmed on April 9, following the previous day's
notification of vesicles in the mouth and teats from a Hanwoo (Korean native beef cattle) farm
in Ganghwa county of Incheon metropolis. As the second to fifth outbreaks, all occurred in the
adjacent area, control measures including preemptive culling for all susceptible livestock in
the protection zones within 3 km, were focused to prevent further spread of FMD. Extensive
disinfection was carried out passing through two bridges connecting the Ganghwa Island to
the mainland. Despite these collective efforts, on 21 April, a suspected case was reported at a
pig farm located 135 km away from the previous outbreak area. Additional two outbreaks
occurred in the latter area, Cheongyang, Chungcheongnam‐do, by 6 May. Comparison of the
VP1 region of FMD viruses isolated from the infected farms showed 99.68–100% homology,
suggesting that all of 11 outbreaks were from a same origin [7].

2.5. Epidemic in November 2010 to April 2011

FMD occurred three times in 2010 (January, April, and November). The first case of the third
epidemic was reported on 28 November 2010, from one of the five pig farms in a complex in
Andong, Gyeongsangbuk‐do. When officers of national veterinary services arrived in the farm,
approximately 700 dead piglets were piled up in the farm yard. They found out that FMD was
already widespread in all five piggeries. The oldest lesion was observed at the innermost farm.
Until 21 April 2011, for 145 days, FMD outbreaks were confirmed in 153 farms raising cattle,
pigs, goats, or deer in 75 counties of 11 provinces. Serotype O SEA topotype (Mya‐98 lineage)
was isolated. Phylogenetic analysis showed nucleotide differences more or less 1.0% among
FMD virus of outbreak farms. In early December 2010, FMD broke out primarily on Hanwoo
(Korean native beef cattle) farms around the index case in Andong. However, on 14 December,
two pig farms in Yeoncheon and Yangju in northern Gyeonggi‐do, belonged to the same owner,
also reported FMD suspected animals. The nationwide spread of FMD was imminent. The
epidemic continued until April of the next year [8]. The status of an FMD‐free country with
vaccination was recognized by the OIE on 27 May 2014, 3 years after the last cases of the
epidemics in April 2011. The approval was obtained after the review of the report, submitted
on October 2013, which verified the non‐circulation of FMD virus for more than a year based
on a test of non‐structural protein (NSP) antibodies in vaccinated animals.

Implementation of a vaccine containing inactivated O1 Manisa strain (monovalent) was
urgently implemented. Injections were first administered on 25 December 2010, to cattle near
the outbreak areas. Vaccination of pigs was first implemented on 6 January 2011. The program
was gradually extended, and all cattle and pigs in Korea were subject to injection from 15
January 2011. The second set of injections was started on 23 January in cattle and 3 February
in pigs, respectively, and completed by 26 February. In the case of pigs, the outbreak decreased
remarkably 3 weeks after primary vaccination, while in the case of cattle, it decreased after 2
weeks. From 3 March, additional vaccination was implemented to animals born without
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maternal antibodies because they were born before the beginning of vaccination, and pigs at
3–4 weeks before delivery. And deer and goats were also added to the vaccine object. Since
September 2011, it was mandatory for all cloven‐hoofed animals to be implemented with
trivalent (O, A, Asia 1) vaccination by 6‐month interval. Before nationwide vaccination, all
animals in the outbreak farm were stamped out. However, after 27 January 2011, when the
nationwide vaccination was successfully completed, only animals showing symptoms or a
positive reaction were stamped out [8].

2.6. Epidemic in July to August 2014

On 23 July 2014, the suspected animals were reported from 1 pig farm with 1,500 animals in
Euseong, Gyeongsangbuk‐do. The presence of FMD virus was confirmed in the next morning.
Clinical signs appeared in unvaccinated animals in that farm. Subsequently, FMD was
diagnosed in two more farms by 6 August 2014 [9].

2.7. Epidemic in December 2014 to April 2015

After 4 months, on 3 December 2014, a veterinarian of a farm with 15,884 animals in Jincheon,
Chungcheongbuk‐do, observed vesicles and ataxia in 30 pigs and reported the same to the
county office. FMD was confirmed on the next day. During the next 147 days, until 28 April
2015, 180 pig farms and 5 cattle farms were confirmed with FMD [9].

3. On farm investigation

3.1. Regulation associated to investigation

In the Republic of Korea, in case of FMD outbreak, control measures are implemented based
on the investigation of outbreak epidemiology. Both investigation and control measures were
stipulated by the Act on the Prevention of Contagious Animal Diseases, the FMD Control
Guidelines, and the standard operation procedure for FMD. These regulations include
notification of suspected cases, movement control, stamping‐out, disinfection, regular and
emergency vaccination, import quarantine, disposal, compensation, and penalties [8, 9].

3.2. Principle of investigation

A smart investigation on the epidemiology of outbreak is crucial in order to implement control
measures in case of confirming FMD. In case of FMD outbreak, the veterinary epidemiology
division of the Animal and Plant Quarantine Agency (QIA) took overall responsibility for the
epidemiological investigation throughout Korea. Field investigation and contact tracing were
performed for each outbreak farm and putative dangerous contacts. All movements in‐and‐
out associated with animals, people, vehicles, and materials were investigated for each farm
for at least 21‐day period (14 days in case of vaccination) immediately before the outbreak date.
Then, the forward‐and‐backward tracings, which list up all the places visited before and after
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being at the outbreak farm, were performed for each visitor, resident, and worker related to
the farm [10].

3.3. Example of field investigation in Korea

A template to guide epidemiological investigation on the outbreak site is is prepared. The
investigation process includes three steps: confirming infection, estimating date of first
infection and determining mode of introduction. Below is example of investigation on FMD
outbreak in Korea.

3.3.1. Confirming infection

FMD suspected animals were reported from a pig farm with 1,552 pigs in two houses located
adjacent to buildings of pork‐processing plant, on 2 June 2002. FMD outbreak in this farm was
confirmed on 3 June, based on serological and virological tests.

3.3.2. Estimating date of first infection

In the late evening of 1 June, one of the farm workers notified “something abnormal on the
hooves of the growing pigs to the owner. O the next morning, upon reporting of the owner,
staffs of QIA (it was named National Veterinary Research and Quarantine Service, NVRQS, at
that time) visited the site and observed intact vesicles (nasal plane, oral cavity, and coronary
band), ruptured vesicles (coronary band), lameness, anorexia, and fever on nine animals
examined in detail. Based on the number of animals with clinical signs and the age of the oldest
lesion, the first clinical sign was estimated to have been developed since 7 days. Considering
the incubation time of 4 days (a range of 2–14 days), FMD virus infection in this herd was the
most likely to start on on 22 May (12 May at the earliest to 24 May at the latest)s.

3.3.3. Determining mode of introduction

Through field investigation and tracing, a total of 229 farms had contacts with this out‐
break farm during 21‐day period before the notification, either via people or vehicles vis‐
ited to this farm or via slaughterhouse to which pigs were sent from this farm. No pigs
had been introduced onto this farm. Preemptive slaughter was undertaken on three farms
having epidemiological associations: One farm had dangerous contact such as sharing a
common pig‐transport truck, and the other two were located within 3‐km distance from
the outbreak farm.

A direct link was identified between this farm, reported on 2 June and the index farm,
reported on 2 May. There was a person (man) worked at the neighboring pork‐processing
plant on a part‐time basis, which was operated by the same owner with the outbreak
farm. He has also participated in the culling operations on the index farm during three
consecutive days from 3 May. He drove his car to the local animal health service then
transported to the slaughter site, in wearing a T‐shirt, a pair of blue jeans, and a pair of
boots. At the slaughter site, disposable work‐suit and boot covers were provided. After
completing the operation, he cleaned himself at a public bath together with other work‐
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ers. Then, he put new underwear and shirts provided by the local government. But, he
put again the same trouser that he wore in working because he had no spare one. While
he took a bath, his jean was wrapped in a vinyl bag after being sprayed disinfectant. He
returned back home by his own car in which no disinfection measures were implemented.
He worked at the port‐processing plant for three or four occasions, starting on 8 May.
FMD virus was probably transmitted by this person considering that the index farm, on
which 330 (4.0%) of 8,302 pigs showed clinical signs or died at the time of culling, was
heavily contaminated at the time of culling. FMD virus must survive in environment such
as interior of his car, and transmitted to the pork‐processing plant and adjacent pig hous‐
es during 17 days of interval between the completion of culling (5 May) and the most like‐
ly date of first infection (22 April) [10].

4. Clinical signs

By carrying out epidemiological investigation, we can estimate how long has the disease
been on the farm, where did the disease come from, and where the disease might have
spread to. To establish a likely time period of infection dynamics took place in animals of
the farm, aging clinical lesions is important. Looking for the oldest lesions allows identify‐
ing the time of first infection in the herd. Clinical examination starts by taking history
about type and time of clinical signs and affected animals from the farmer. Then, the ani‐
mals from a distance to see general demeanor, salivation, lameness, or ataxia were ob‐
served. When we examine the individual animal, check the mouth (especially in cattle)
then the feet (in pigs) in order.

The clinical signs of FMD were the most clearly manifested in pigs followed by dairy cat‐
tle comparing to other species. In the epidemic of 2010/2011, only 2.6% of the dairy cattle
farms and 1.9% of the pig farms were subclinically infected, while no clinical signs of
FMD was observed in 10‐20% of the outbreak farms with beef cattle, deer, or goats. For
beef cattle, the number of farms with ulcers (n = 408, 28.6%) was higher than that showing
vesicles (n = 316, 22.2%). For dairy cattle, on the contrary, vesicles (n = 166, 32.6%) were
more frequent than ulcers (n = 107, 21.0%) in dairy cattle farms. In 58.9% of the pig farms,
vesicle was the most dominant sign of FMD. In pigs, more severe signs, such as lameness
or ataxia (14.6%) and shedding of claws (4.6%), were also distinctively shown. Another
clinical characteristic observed in the 2010/2011 FMD epidemic was sudden death of suck‐
ling piglets, which was observed in 21.2% of pig farms. The average age of the oldest
lesion in an outbreak farm was higher in the vaccinated than the non‐vaccinated in cattle,
while it was higher in non‐vaccinated in pigs. Considering that vaccination was firstly
performed on cattle then on pigs, and the outbreaks continued only in pig farms at the
later phase of the epidemic, difference of lesions’ age between cattle and pig at detecting
seemed mainly associated with farmers’ attention and recognition [11].

In the epidemic of 2014/2015, any clinical signs of FMD were observed in all of the 185 outbreak
farms. Vesicles, which were observed 65.0% of the outbreak pig farms, were the most promi‐
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nent clinical signs, followed by lameness (43.9%), ataxia (38.9%), and hemorrhage in hooves
(25.0%) [9].

5. Detection of outbreak farms

Detection of outbreak farm signifies the start of implementing control measures by animal
health service. Large number of outbreak farms in the epidemics of 2010/2011 and
2014/2015 were attributed to the late detection of the infection, and FMD virus was al‐
ready spread out at the time of confirming the index case [8, 9].

5.1. Delayed detection

In case of the 2010/2011 epidemic, implementation of control measures was delayed due to
inappropriate diagnosis. When the first suspected case was reported on 23 November 2010,
the NSP antibody test was conducted on the clinically suspected animals which had not yet
developed NSP antibody, and negative results were drawn. Three days later, when the farmer
notified the abnormalities for the second time, antibody test confirmed negative results again.
Antibodies can be detected by enzyme‐linked immunosorbent assay(ELISA) test from 3–5 days
after appearing clinical signs of FMD. Finally, FMD was confirmed in isolating virus through
reverse transcription‐polymerase chain reaction (RT‐PCR) by the QIA from the specimen taken
on 28 November [12].

5.2. Early detection

On the contrary, prompt diagnosis contributed to the reduction of disease spread in the
epidemic of 2002. From 9 May, 1 week after the confirmation of the first case, pen‐side
antigen test, which can detect FMD virus in vesicular fluids, was used for FMD suspect
cases. This test enabled confirmation of infection to be made on the farm in about 20 min.
Stamping out was implemented based on clinical examination (observing vesicles in most
cases) and the pen‐side antigen test results even before laboratory confirmation was made
in some cases. During this epidemic, 13 of the 16 outbreak farms were culled within 24 h
of diagnosis, which was an important factor in reducing the spread of the disease [6].

5.3. Probability of detection

The probability of early detection was the highest for pig farms, followed by dairy and beef
cattle farms, and small ruminant farms in the case of the 2010/2011 epidemic. Almost 90% of
the infected farms were detected by Day 11 of post‐infection for pig farms, by Day 13 for
both dairy and beef cattle farms, and by Day 21 for small ruminant farms. As far as con‐
cerned to the detection delay, that was time passed prior to the detection of FMD infection
on a farm (average ± standard deviation), was 8.1 ± 3.1 days. The detection delays were
shortest for pig farms (7.1 ± 2.5 days) and longest for deer farms where a large variation was
also observed (14.4 ± 8.1 days) [13].
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6. Epidemiological characteristics of FMD epidemics

Throughout the seven epidemics occurred since 2000, pig and cattle were the main species
affected by FMD outbreak. The main factors of virus transmission were associated with the
movement of vehicles, behaviors of people, and distribution of materials rather than move‐
ment of animals. Epidemics started in winter were usually long and large. The cold and dry
winter climate in Korea made favorable condition for surviving FMD virus. In addition, low
temperature during the winter might have preserved FMD virus for longer periods. Disin‐
fecting farms, vehicles, and tools wasn’t effective because the low temperature let disinfectants
freeze. The hygiene status of livestock farms remained poor and animal disease could spread
widely and rapidly. Epidemics of the 2010/2011 and 2014/2015 were the cases.

6.1. Characteristics of epidemic in 2002

The index case of the 2002 epidemic was notified on 2 May 2002. The next day, on 3 May, the
second outbreak was notified at a pig farm in 25 km away from the index case. Based on the
epidemiological investigation, FMD virus was probably spread from the index case to the
second outbreak farm by a salesperson of a veterinary pharmaceutical company. Subsequently
developed two spatial clusters centered of these farms and all known outbreak farms were
encompassed except for one case. Genetic analysis of virus isolates from all of 15 outbreak
farms, except for one from which no viral isolate was obtained, suggested that they had
originated from a single common source. Herd serial interval of disease transmission at farm
level was 8–9 (average ± standard deviation, 9.1 ± 2.0, median 8.5) days, and the transmission
was extended into five generations. Eight farms were already infected before detecting the
index case. A study on simulation modeling on various control strategy for the epidemic in
2002 suggested that the prompt implementation of control measures is the most effective in
reducing both size and duration of future outbreaks [14].

6.2. Characteristics of epidemic in January 2010

The index case farm for the epidemic of January 2010 employed a foreigner, entered Korea on
October 2009, as a farm hand. Disinfection or other biosecurity measures had not been taken
before starting work on that farm. Furthermore, a parcel was delivered to the person above‐
mentioned from his country on November 2009. In 2009, countries in northeast Asia had
numerous outbreaks reported of FMD serotype A. Considering these findings, employment
of a foreign worker in the first outbreak farm was identified as a possible route of virus
introduction into Korea. FMD virus was subsequently transmitted to other farms through local
veterinarian's examination, farmers’ meeting, and farm owner's visit to the infected area [15].
The honest report of the local veterinarian his visiting places allowed to detect potential
infections in early stage then promptly implement control measures. Unlikely to other
epidemics during winter, heavy snow of early January 2010 in the outbreak area helped to
restrict moving vehicles. So the spread of virus could be minimized.
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6.3. Characteristics of epidemic in April to May 2010

Investigation for the epidemic from April to May 2010 identified possible routes of between‐
farm transmission were mostly associated with livestock related vehicles including contami‐
nated feed‐delivery vehicles, artificial inseminators, and delivery of veterinary pharmaceutics,
total mixed ration (TMR) feed. Meetings of livestock‐related people, visits to contaminated
regions, vehicle movements, sales agents of animal feed companies, and participants of
livestock culling seemed also contributed [15].

6.4. Characteristics of epidemic in November 2010 to April 2011

In the epidemic from November 2010 to April 2011, the routes of FMD virus introduction
and their estimated frequencies for the 152 subsequent outbreaks except for the index case
pig‐farming complex were visitors (105, 69.1%), farmers (23, 15.1%), local spread (18,
11.8%), and delivered materials (6, 3.9%). Six outbreak farms, for which virus pathway
was attributed to visitors, were associated with treatment or manipulation of artificial in‐
semination, and 14 outbreaks were due to vehicles transporting live animals. The initial
contributing factor of the 2010/2011 nationwide FMD epidemic was the regional feature of
Andong, Gyeongsangbuk‐do, where the residents were closely related to each other. Dur‐
ing the epidemic, the frequent contacts might help the virus spread rapidly out to adja‐
cent areas. The main cause of the long‐distance virus’ spread to the northern Gyeonggi‐do
was presumed to be related to the transport of pig manure to be used to installation test
of a manure treatment machine. On 17 November 2010, pig manure from the pig complex
in Andong was sent to the developer of the manure drying machine in Paju, Gyeonggi‐
do. The FMD virus already had been spread to nearby farms in the northern Gyeonggi‐do
area before any preventive measure was taken. The first outbreak in northern Gyeonggi‐
do was occurred on the same day of 14 December 2010 in two farming sites with a large
number of pigs, operated by a same owner. Many farms raising cattle or pigs existed
nearby, and shared road. Through traffic in front of the farms, the virus spread quickly to
nearby areas. The FMD outbreak in the densely located big farms led to difficulties in
taking emergency control measures due to the lack of burial sites and slaughter person‐
nel. These caused FMD spread widely [8].

6.5. Characteristics of epidemic in December 2014 to April 2015

During the outbreak of December 2014 to April 2015, FMD virus was introduced into 185
outbreak farms mostly by vehicles (143 cases, 78.9%), people (23 cases, 10.8%), local
spread (16 cases, 8.6%), and movement of animals (3 cases, 1.6%) in the descending order.
The pathways for spreading the virus to farms in other counties included (1) visits by
vehicles (or drivers) contaminated at abattoirs, (2) vehicles (or drivers) visiting numerous
farms, (3) distribution of infected animals to other farms, (4) distribution of feed from a
factory affiliated to a large company to farms in various provinces, and (5) operation of
two or more farms located in different provinces by one person (or members of the same
family or an affiliated company). Meanwhile, delivery of veterinary pharmaceuticals, de‐
livery of semen for artificial insemination, and transport of manure were associated with
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transmission within the same county or province. Vehicles and people, responsible for the
introduction of FMD virus into farms, were contaminated at abattoirs (75 cases, 40.5%);
livestock facilities (93 cases, 50.3%), including feed factories (17 cases, 9.7%); previous out‐
break farms (67 cases, 36.2%); and infected areas (24 cases, 13.0%). FMD outbreaks contin‐
ued for a long time since December 2014 because of the following reasons: (1) The virus
continued to replicate among farms where animals were partially slaughtered; (2) the
number of subsequent outbreak farms was inversely related to the proportion of FMD
vaccine antibodies at county level; (3) control measures were not implemented at proper
times Because farmers were reluctant to report suspected cases; and (4) outbreaks began
in December, at the beginning of winter, during which the conditions were favorable for
virus survival [9].

7. Economic Impacts of FMD outbreaks

The cost of each epidemic varied from 26 billion Korean won (KRW, approximately US$ 23.6
million) at the lowest to 2044 billion KRW (US$ 1.9 billion) at the highest. The cost was the
highest for the 2000 epidemic, to which vaccination to slaughter policy was implemented to
control outbreaks of 15 cattle farms. Mean cost attributed to one outbreak cattle farm was
18.2 billion KRW. In 2002, January 2010 and April to May 2010 epidemics with slaughter
without vaccination costed 6.6 billion KRW, 4.4 billion KRW, and 9.2 billion KRW, respectively.
Then, vaccination‐to‐live policy dragged the lowest costs of 0.5 billion for the 2010/2011 and
0.3 billion for the 2014/2015 epidemic [16].

The highest cost of an outbreak of FMD reached in cattle farms. Average costs per infected
premises were 7.0 billion KRW for cattle farms (95% confidence interval, CI = 4.72–9.28), 1.38 
billion KRW for pig farms (95% CI = 0.88–1.87), 0.11 billion KRW for deer [16].

8. Surveillance

The surveillance system consists of passive epidemiological surveillance for investigating
reported disease and active epidemiological surveillance that involves serological surveillance.
The latter can be further divided into statistically designed surveillance and purposive
surveillance focusing on targeted samples within host populations. On the other hand, clinical
surveillance included clinical inspection And telephone calls. Emergency vaccination was
launched in end of December, the middle of the 2010/2011 epidemic. And Only animals with
positive reaction or showing clinical signs of FMD were slaughtered. The NSP antibody test
on the outbreak farm was conducted together with clinical inspection at 3 weeks after the
partial slaughter. The NSP antibody tests were conducted on all cattle, deer, and goats. In pig
farms, all sows and three fattening pigs per pen were subjected to be tested. This test was
aiming at getting rid of movement restriction on the outbreak farm. After 26 March 2011, the
effective preventive measures at the site: clinical, serological (16 animals per farm), and
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environmental antigen tests were conducted on cattle, deer, and goats, and clinical examination
and environmental antigen test were conducted on pigs.

Post‐vaccination seroprevalence must be examined on vaccinated animals. This can be
performed using commercial diagnostic kits. Sera are collected from farms and slaughter‐
houses. Purpose of this serological surveillance is to assure the OIE Code for FMD states that
all vaccinated animals should develop at least 80% protective immunity to be recognized as a
FMD‐free country with vaccination [12].

9. Data management

Korea Animal Health Integrated System (KAHIS) is in operation since January 2013. This
system contains all data concerning livestock and animal health in Korea. Data on farm (owner,
geolocation, farm type, animals), livestock‐related facilities (slaughter house, feed factory or
feed distribution center, manured disposal plant, livestock market, veterinary clinics, veteri‐
nary pharmaceutical agencies, semen for artificial insemination distribution center, etc.) and
vehicles transporting (animals, raw milk, eggs, veterinary pharmaceutics, feed, feces, manure,
rice husks) and for the use of personnel (veterinarian, artificial inseminator, consultant,
specimen taking and control, machine mender) are available. When a vehicle visits farm or
livestock‐related facility, the receiver installed on the site recognized the signal from the
geographical positioning system (GPS) tracking device attached to the vehicle. A real time
inquiry can be made on data of visit record both on the aspects of farm and vehicles. In addition,
all the pathway of a vehicle can be traced. This web‐based system is available at http://
www.kahis.go.kr [17].

10. Conclusion

During the epidemic of 2010/2011, FMD virus had already widely spread before detect‐
ing the index case and it induced unprecedentedly large number of outbreak. The ani‐
mal health service of Korea failed to respond timey and adequately due to lack of
experience of controlling a massive epidemic of FMD with emergency vaccination to
live. In the same manner, another big epidemic was occurred in 2014/2015 under routine
vaccination.

As mentioned in the example of the 2002 epidemic, prompt implementation of control
measures (e.g. removal of virus reservoirs), immediately after an early detection is the most
effective to control FMD. The key determinant of the early detection is the report. In reality, an
immediate report subsequent to recognizing abnormality is the collaboration with local
veterinarians, related industries and animal health services. And this collaboration can be
achieved upon proper education.
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Abstract

The equine influenza virus (EIV) is a major pathogen of respiratory diseases in horses,
donkeys and mules. Equine influenza (EI) is characterized by a very rapid spread and
remains a disease with high economic stakes for the equine industry. A large‐scale
outbreak caused by equine influenza virus of the H3N8 subtype has occurred in each
decade since an H3N8 was first isolated from horses in 1963. Each epidemic, and some
minor outbreaks, has influenced equine influenza surveillance and vaccination policies
in the world. The use of the molecular tools is of a high interest in epidemiology. The
interest of the association of these techniques and the classical epidemiological analyses
will be illustrated by taking the example of equine influenza viruses. The determination
and the comparison of the nucleotide sequences allow to characterize the virus strains
more precisely than the classical methods and are useful to analyze the evolution of the
equine influenza viruses. These methods are also useful to select the relevant strains
that will be used in the vaccines. The possible reasons for the infection of horses despite
intensive vaccination are currently being investigated and may shed new light on the
epidemiology of equine influenza.

Keywords: equine influenza virus, epidemiology, pathogen, vaccination, vaccine
strains selection

1. Introduction

Equine influenza (EI) is an important equine respiratory pathogen and a high‐priority disease
for the equine industry globally. It is highly contagious and spreads rapidly in horse population
by direct contact; clinical signs associated with the infection are characterized by pyrexia,
dyspnoea, dry hacking cough and serous nasal discharge that can become mucopurulent in the
case of secondary bacterial infections [1]. The causative agent, equine influenza virus (EIV), has
a global distribution; it is endemic in many countries and there are occasional incursions in
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Japan, South Africa and Hong Kong, with only Australia, New Zealand and Iceland being
considered free.

Figure 1. Phylogenetic analysis of the HA1 nucleotide sequences encoded by 90 EIV, subtype H3N8 isolated since 1963
and prototype strains of the different lineages and clades. Sequences are coloured by date of isolation for the years
2011 (red), 2010 (green) and 2009 (blue), with older strains in black. Current OIE recommended vaccine strains are
highlighted in yellow [1].

EIV is belonging to the family of the Orthomyxoviridae, genus Influenzavirus, type A and is a
major cause of respiratory diseases in horses. Only two antigenic subtypes of EIV (H7N7 and
H3N8) have been isolated from horses, although highly pathogenic avian influenza virus
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(H5N1) was isolated from donkeys in Egypt [2]. The equine H7N7 virus first isolated in Prague
(Czechoslovakia) in 1956 [3] and has not been isolated in horses since 1979 [4], but serological
evidence for its circulation in unvaccinated horses has been recorded at the end of the 1980s
in India [5] and at the beginning of the 1990s in Croatia and USA [6, 7]. Since then, the equine
H3N8 virus, first isolated in 1963 after an important outbreak in Miami (Florida, USA) [8], has
persisted [9, 10] and only has been isolated from sick horses [11–15]. Phylogenetic studies have
shown that H3N8 virus evolved in the late 1980s, into the American and the Eurasian lineages
[16]. The Eurasian lineage strains, were almost exclusively isolated from horses in Europe and
Asia, represented by Newmarket/2/93, continue to form a single clade, but have rarely been
isolated in recent years [17]. The American lineage strains, were predominantly isolated from
horses on the continent of America, further evolved into three sublineages, South American,
Kentucky and Florida [18]. The original American lineage strains, represented by Newmarket/
1/93 and Kentucky/1994, have not been completely superseded, with isolations of strains from
this clade in the United Kingdom [17] and Chile [19] in 2006. The evolution of the Florida
sublineage resulted in the emergence of two groups of viruses that differ in their HA sequences
referred as Clade 1 viruses that have been isolated in North America since 2003 (e.g. Ohio/
2003) and are distinct from the Florida Clade 2 strains that spread to Europe (Newmarket/
5/03) [17]. Clade 1 viruses predominate on the American continent; nevertheless, they have
caused large outbreaks in Africa, Asia, Australia, Europe and South America [20–27]. Similarly,
Clade 2 viruses predominate in Europe but also have been isolated in Asia and North Africa
[15, 28–32]. The phylogenetic analysis points to sporadic incursions of virus from North
America into Europe and other regions, as happened around 1993 and 2003, followed by a
period of more localized divergent evolution (Figure 1).

The use of the molecular tools is of a high interest in epidemiology. The interest of the
association of these techniques and the classical epidemiological analyses will be illustrated
by considering the example of equine influenza viruses. The determination and the compari‐
son of the nucleotide sequences allow to characterize the virus strains more precisely than the
classical methods and are useful to analyze the evolution of the equine influenza viruses. These
methods are also useful to select the relevant strains that will be used in the vaccines. The
possible reasons for the infection of horses despite intensive vaccination are currently being
investigated and may shed new light on the epidemiology of equine influenza [33].

Influenza is a classic example of a (re‐)emerging infection. Vaccines against influenza have
been used in man since the 1940s [34] and became available for use in horses 20 years later.
However, the existence of a reservoir of virus in aquatic birds and the highly variable nature
of the virus mean that influenza defies worldwide eradication. The prevention and control of
influenza are closely related measures of vaccination and livestock management. Vaccination
is to date the most average usual to limit the spread of the virus in the horse population.
Vaccines against equine influenza must contain subtypes and, inside thereof, the antigenic
variants circulating in the horse population. Every year, the expert surveillance panel (ESP) of
the World Organization for Animal Health (OIE) recommends influenza virus strains to be
contained equine vaccines. The fact that H7N7 viruses and Eurasian H3N8 viruses are no
longer required, current vaccines should include the antigenic variants of viruses representing
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each of Clades 1 and 2 of the Florida sublineage. The Clade 1 is represented by A/equine/South
Africa/4/2003‐like or A/equine/Ohio/2003‐like viruses. The Clade 2 is represented by A/equine/
Richmond/1/2007‐like viruses.

2. Epidemiology

2.1. Incubation period

EI is characterized by an incubation period of 5 days a maximum and an infective period of 14
days. An incubation period of 2–3 days has been observed in susceptible horse populations
during severe epidemics in the field. In naive horses, the incubation period can be less than 24
h [35] and virus excretion may persist for 7–10 days [36]. Most shedding occurs in the early
stages of clinical disease when coughing is most pronounced. In partially immune horses
showing no clinical signs or mild clinical signs, virus shedding may occur.

2.2. Interspecies transmission of equine influenza viruses

There are three types of influenza viruses: A, B and C, but only the first has a very high
propensity to crossing species barrier, the two others being found almost exclusively in
humans. Influenza A viruses met in several species including birds, humans, swine, horses,
marine mammals and dogs. Only a restricted number of sub‐type combinations have become
established in mammalian species (H7N7 and H3N8 in horses; H1N1, H3N2 and H2N2 in
humans) [37]. Recently, two distinct lineages (H17N10 and H18N11) of influenza A virus have
been derived from bats. This discovery provided novel insights into the origin and evolution
of influenza A viruses beyond the predominant hypothesis of waterfowls/shorebirds as the
primary natural reservoir.

The equine influenza virus infects horses and other equids (such as donkeys, mules and zebras)
can, but rarely affects other species (such as dogs) [38]. Studies have shown that the H3N8 sub‐
type was introduced into horses a long time ago and the lack of exchange of virus genes
between the equine viruses and viruses from other species [39] led to the suggestion that horses
may be a ‘dead‐end’ host. However, in Florida (US) at the beginning of 2004, equine influenza
virus has been associated with outbreaks of respiratory disease in dogs (primarily but not
exclusively, greyhounds) in North America, quarry hounds in England and dogs on premises
with horses affected by influenza in Australia in 2007 [40–44]. Interspecies transmission of
equine influenza virus to dogs upon close contact with experimentally infected horses was
demonstrated [45]. To date, there is no documented evidence on the transmission of equine
influenza virus from dogs to horses [46].

During 2004–2006 swine influenza surveillance in central China, two equine H3N8 influenza
viruses were isolated from pigs [47]. Pigs have both sialic acid (SA) a2‐3 galactose and a2‐6
galactose containing receptors on cell surfaces. However, in vivo infection experiments on
mini‐pigs demonstrated that equine influenza virus failed to induce pyrexia, appreciable
histopathological lesions or virus shedding [1]. The H3 HA has broad pathogenic potential but
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analysis of the HA genes of influenza A viruses suggests that the equine and canine H3 have
evolved separately to the H3 of avian, human and swine viruses [48].

It is generally accepted that there is a correlation between receptor binding characteristics and
host specificity of equine influenza viruses. For influenza viruses to enter host cells, the HA
glycoprotein must bind to sialic acid receptors on the cell surface. Viruses isolated from wild
aquatic birds bind strongly to SA in a 2,3‐linkage (SA 2,3). The same linkage is recognised by
equine influenza virus and is the predominant linkage found on cells lining the equine upper
respiratory tract. In contrast, human‐adapted influenza viruses recognise and bind SA 2,6
receptors, and these are the receptors that predominate in the human respiratory tract [37].
Virus shedding and seroconversions were recorded in human volunteers inoculated with
equine influenza virus [49] but although the potential for such transmission is demonstrable,
there is no evidence that horses are reservoirs of virus for humans.

It is equally possible that a new influenza sub‐type could emerge in horses from the avian
reservoir. Although it did not replace the current equine H3N8 virus that has been circulating
in horses for many years [39], cross‐species transmission of avian H3N8 influenza virus into
horses occurred in Jilin Province in China during 1989. The genetic analysis of the strain
responsible of this outbreak (A/equine 2/Jilin 89) indicated was more closely related to avian
influenza viruses than to other equine H3N8 influenza viruses [50, 51]. This strain (A/equine
2/Jilin 89) did not appear to persist in the horse population after 1990 or to spread beyond
China to other countries. This transient re‐emergence of the H3N8 subtype rather than any
other may reflect the fact that this sub‐type is commonly isolated from the avian reservoir [52].
More recently, avian H5N1 has been associated with respiratory disease in donkeys in Egypt
[2]. This detection described a new subtype of highly contagious avian influenza virus as an
equine infectious agent, and raises questions about the role of donkey in the spread of H5N1
virus to birds, humans and other mammals including equines.

2.3. Spread and transmission of equine influenza viruses

Influenza is primarily a seasonal disease usually occurring in epidemic form, often rampant
in waves, followed by periods of relative calm. EIV is highly contagious and is primarily spread
by the respiratory route through direct contact between infectious and susceptible horses in
close proximity. In unvaccinated, susceptible horses, the short incubation period and persistent
coughing which releases large amounts of virus into the environment contribute to the rapid
spread of the infection. Personnel and fomites also contribute to virus spread. In the absence
of release of horses from the quarantine station, it was concluded that the virus escaped on the
person, clothing or equipment of a groom, veterinarian, farrier or someone else who had
contact with the infected horses and left the station without implementing adequate biosecur‐
ity measures. The contaminated vehicles were implicated in the spread of the virus [20, 53].
Severe outbreaks of equine influenza occur in unimmunized populations of horses or when a
new strain infects a vaccinated population. In a susceptible group of horses, morbidity can be
as high as 100%. Horses stabled under intensive conditions are at risk from a build‐up of
infective virus in the common airspace. The global distribution of the EIV is associated with
increased movement of horses participating in competitions or for breeding or sale. In the first
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outbreak of equine influenza in Australia in 2007, the initial spread of the virus in the general
horse population, then spread to the Thoroughbred population, it was estimated that over
75,000 horses had been infected. In the Japanese outbreak, in the same year, the reverse
situation pertained, the initial outbreaks were in racehorses and the virus then spread to the
non‐Thoroughbred population. In the second confirmed outbreak of respiratory disease in
Algeria in 2011 since 1972, the disease occurred in a variety of locations and stud farms among
Thoroughbred and non‐Thoroughbred horse populations. Around 900 horses have been
affected during this outbreak which led to race cancellation in the whole country for 2 months
[15]. During the outbreak in Uruguay in 2012, which affected over 2000 horses, race meetings
were cancelled for several weeks and movement of horses out of the country was prohibited.
Equine influenza outbreaks also resulted in the cancellation of equestrian events in Brazil [27].

2.4. Mortality to EIV

Mortality is very rarely associated with equine influenza but a small number of fatalities have
been reported in young foals from non‐vaccinated mares; thus, inadequate passive transfer of
antibodies, due to poor‐quality colostrum or inadequate intake, is likely to be a major factor.
All mares should be vaccinated adequately to ensure that there are sufficient maternally
derived antibodies in colostrum [54, 55]. Deaths of those foals as a result of acutely viral
pneumonia, and in affected donkeys and horses that are not adequately rested. In northeastern
China in 1989, a mortality rate of up to 20% in some herds was associated with a large outbreak
of equine influenza. More than 40 horses died during an outbreak affecting over 74,000 horses
in Mongolia in 2011 [32]. Disconcertingly, several foal deaths were also reported during EI
outbreaks in France during 2012 [56].

2.5. Factors influencing transmission

Although equine influenza virus spread is frequently explosive in naïve populations, the
majority of outbreaks in endemic populations are contained with limited spread between
premises. Outbreaks are often associated with the introduction of new horses to premises [17],
and seronegative horses are frequently the index cases [57]. Although the index cases may not
be the source of the virus, they act to amplify the virus and serve as a source of infection to
other horses in the cohort. The severity of the disease depends on the immune status of the
horse (naive, partially immunized or immunosuppressive), on the infecting viral dose,
virulence of the virus strain and to the inoculation route. However, antigenic variants can give
rise to large‐scale disease epidemics such as occurred in 1979–1981 in Europe and in North
America [58, 59]. Mismatch between vaccine and infecting strains requires higher levels of
antibodies to prevent infection and significantly increases the risk of an outbreak at the
population level [60, 61]. Introduction of subclinical affected vaccinated horses in a susceptible
population is also a major contributing factor to influenza outbreaks, in South Africa in 1986,
India in 1987, Europe in 1989, Croatia in 2004, Italy in 2005 and also suspected in Australia in
2007. In general, young horses, horses with low serum antibody titres and those that are highly
mobile and mix with large groups of horses are considered most at risk [15, 62]. However, in
the 2003 outbreak in Newmarket, 2‐year‐old horses were less susceptible than older horses
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pneumonia, and in affected donkeys and horses that are not adequately rested. In northeastern
China in 1989, a mortality rate of up to 20% in some herds was associated with a large outbreak
of equine influenza. More than 40 horses died during an outbreak affecting over 74,000 horses
in Mongolia in 2011 [32]. Disconcertingly, several foal deaths were also reported during EI
outbreaks in France during 2012 [56].

2.5. Factors influencing transmission

Although equine influenza virus spread is frequently explosive in naïve populations, the
majority of outbreaks in endemic populations are contained with limited spread between
premises. Outbreaks are often associated with the introduction of new horses to premises [17],
and seronegative horses are frequently the index cases [57]. Although the index cases may not
be the source of the virus, they act to amplify the virus and serve as a source of infection to
other horses in the cohort. The severity of the disease depends on the immune status of the
horse (naive, partially immunized or immunosuppressive), on the infecting viral dose,
virulence of the virus strain and to the inoculation route. However, antigenic variants can give
rise to large‐scale disease epidemics such as occurred in 1979–1981 in Europe and in North
America [58, 59]. Mismatch between vaccine and infecting strains requires higher levels of
antibodies to prevent infection and significantly increases the risk of an outbreak at the
population level [60, 61]. Introduction of subclinical affected vaccinated horses in a susceptible
population is also a major contributing factor to influenza outbreaks, in South Africa in 1986,
India in 1987, Europe in 1989, Croatia in 2004, Italy in 2005 and also suspected in Australia in
2007. In general, young horses, horses with low serum antibody titres and those that are highly
mobile and mix with large groups of horses are considered most at risk [15, 62]. However, in
the 2003 outbreak in Newmarket, 2‐year‐old horses were less susceptible than older horses
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despite having accounted for any differences in antibody levels [63]. Finally, a few studies
demonstrated that the sex as a risk factor for influenza infection.

2.6. Survival and persistence of EIV

The equine influenza virus has a lipid envelope and does not survive for long outside the horse.
It is fragile and easily inactivated by exposure to ultraviolet light for 30 min, by heating at 50°C
for 30 min, by ether and by acid (pH 3). Exposure to sunlight for 15 min at 15°C also inactivates
the virus. The virus will not survive long in the environment in conditions of high humidity
[64].

The virus can however survive on skin, fabrics and the surfaces of contaminated equipment
for some time. The periods of survival are shorter in conditions of higher humidity. Studies
have also shown that the virus may be transferred from stainless steel surfaces to hands and
from paper tissues to hands.

Equine influenza is a self‐limiting disease and the virus does not persist in recovered horses.
It is thought that influenza persists in endemic populations by low‐grade circulation with
occasional small outbreaks [65]. In countries where equine influenza appears not to be endemic
and quarantine measures are implemented, there is no evidence of long‐term persistence
following sporadic incursions. In Australia in 2007, the disease was eradicated within 4 months
following the implementation of an extensive control programme [66].

No information is available about the persistence of EI virus in horse carcases. Virus could be
expected to be present in the carcases of animals that die during the viraemic phase of infection.

3. Conclusion

Equine influenza A H3N8 viruses continue to cause serious diseases in horses despite control
measures, including quarantine and vaccination, and the international spread of the virus
occurs during exchanges and participation horses in competitions. Moreover, monitoring
antigenic drift and emergence of new strains that allow the production of effective vaccines is
critical. Finally, the vaccination of horses by modern and effective vaccines will considered to
be a new weapon to control this disease.
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Abstract

Schmallenberg virus (SBV) is a novel Orthobunyavirus causing mild clinical signs in cows
and malformations in aborted and neonatal ruminants in Europe. SBV belongs to the
family Bunyaviridae and is transmitted by biting midges. This new virus was identified
for the first time in the blood samples of cows in the city of Schmallenberg in North‐
Rhine‐Westphalia in November 2011. Since then the virus spread to several European
countries. Here we describe the origin and emergence, as well as the transmission and
the differential diagnosis of this virus, now known to be a serious threat to Veterinary
Public Health.

Keywords: Schmallenberg virus, emerging infections, epidemiology

1. Introduction

1.1. The origin of Schmallenberg virus

In 2011, an unidentified disease in cattle was reported in Germany and the Netherlands [1].
Hyperthermia and drop in milk production were reported in adult dairy cows in north‐west
Germany and the Netherlands, and in some cases, transient diarrhoea was also recorded in the
Netherlands [2]. Farmers and veterinarians in North Rhine‐Westphalia, Germany, and in the
Netherlands reported an unidentified disease in dairy cattle with a short period of clear clinical
signs to the animal health services, local diagnostic laboratories and national research institutes
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[1]. All classical endemic and emerging viruses, such as pestiviruses, bovine herpesvirus type‐1
(BHV‐1), foot‐and‐mouth disease (FMD) virus, bluetongue virus (BTV), epizootic haemorrhagic
disease (EHD) virus, Rift Valley fever (RVF) virus and bovine ephemeral fever (BEF) virus, could
be excluded as the causative agent [1].

The first identification of this new virus succeeded in samples of cattle housed next to a small
town in Germany with 25,000 inhabitants, called Schmallenberg, in North Rhine‐Westphalia
(Figure 1).

Figure 1. Location of Schmallenberg city, North Rhine‐Westphalia, Germany.

At that time and following elimination of the usual causes of such clinical signs in cattle, blood
samples from three bovine were subjected to the new technology of deep sequencing known
as metagenomic analysis, which allows the sequencing of all nucleic acids present in a sample
[3]. Metagenomics is the application of modern genomics techniques to the study of commun‐
ities of microbial organisms directly in their natural environments, bypassing the need for
isolation and lab cultivation of individual species [4]. As is typical with this approach, a large
amount of host genomic and known bacterial sequences were identified, the latter most likely
as a consequence of prolonged sample storage. However, present within the samples were
genetic sequences from a novel Bunyavirus which had the highest homology to viruses of the
Simbu serogroup virus [3]. This novel virus was named as Schmallenberg virus (SBV),
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characterized by a syndrome in ruminants referred to the arthrogryposis–hydranencephaly
syndrome (AHS), resulting in abortions, stillbirths and congenital defects in newborn rumi‐
nants after infection during pregnancy [5].

1.2. Structure and taxonomy

SBV is now known to belong to the genus Orthobunyavirus and the Bunyaviridae family, as
confirmed from electron microscopy [1, 3, 6]. Most viruses of this genus have not yet been well
characterized [3]. SBV is also a member of Simbu serogroup, one of the largest of the 18
serogroups which constitute the genus [3]. Simbu serogroup includes the virus Shamonda,
Akabane and Aino; however, the most related to SBV are virus Sathuperi and Douglas [6]. Its
reorganization capability has also been suggested [1], especially when taken into account that
many strains of Orthobunyavirus suffered re‐assortment [3, 7].

SBV is typical of the Bunyaviridae, characterized by a tripartite negative‐sense RNA genome
that encodes four structural and two non‐structural proteins [8]. The SBV is an enveloped virus
with a surface of glycoproteins [6]. The diameter of these viruses is approximately 100 nm.
Their genetic structure comprises of three segments of single‐stranded negative‐sense RNA:
large (L) with 6865 nucleotides, medium (M) with 4415 nucleotides and small (S) with 830
nucleotides (Figure 2) [1, 3].

Figure 2. Diagram illustrating a particle of Schmallenberg virus with glycoproteins (Gn and Gc) and the three seg‐
ments of RNA (small (S), medium (M) and large (L) in a circular form in association with nucleoprotein and the ‘L’
polymerase protein (adapted from Tarlinton et al. [3]).
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The large (L) segment encodes the viral RNA‐dependent RNA‐polymerase or L protein, the
medium (M) segment encodes the virion glycoproteins Gn and Gc, and the small (S) segment
encodes the nucleoprotein (N). Non‐structural proteins are encoded by some viruses on the
M (NSm protein) and by some on the S (NSs protein) segment [8].

The full genome sequence of the first described SBV is provided under the Genbank accession
number HE649912 and has a length of 6864 base pairs [1].

1.3. The emergence of Schmallenberg virus

From November 2011 to date, the disease spread rapidly and widely throughout Europe. Since
2011 cases have been reported: Belgium (December 2011), the UK and France (January 2012),
Luxembourg and Italy (February 2012), Spain (March 2012), Denmark (June 2012), Switzerland
and Sweden (July 2012), Austria and Finland (September 2012), Ireland and Poland (October
2012), Norway (November 2012), Czech Republic (December 2012), Estonia, Slovenia, Hun‐
gary and Croatia (January 2013), Latvia (April 2013), Greece (March 2013), Russia (May 2013),
Serbia (June 2013) and Romania (July 2013) [9]. There are also reports of cases outside Europe
[10]. Recently a new study shows the circulation of the virus in Portugal [11] (Figure 3).

Figure 3. Distribution of the disease caused by SBV in Europe.
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In the future, new outbreaks are expected depending on many conditions like the vector
transmission [9].

1.4. Disease transmission

As viruses belonging to the genus Orthobunyavirus (e.g. Akabane virus) are widespread in
Africa and Asia, and biting midges (Culicoides spp.) and mosquitoes are responsible for
transmitting these viruses [12], it was assumed that an array of European Culicoides might be
responsible for transmitting SBV within Europe.

Rasmussen et al. [13] demonstrated the presence of SBV RNA in Culicoides obsoletus group
midges caught in Denmark during October 2011. The low Ct values (i.e. high SBV RNA levels)
and the absence of ruminant β‐actin mRNA in these samples strongly suggest that SBV
replicates in these midges, and hence that the C. obsoletus group midges are natural vectors for
this virus [12]. Field studies have shown the presence of SBV RNA in Culicoides species in
several affected countries [13, 14], and a vector‐competence study demonstrated replication
and dissemination of SBV in laboratory Culicoides strains. Midges including Culicoides scoticus,
C. chiopterus and C. obsoletus sensu stricto were collected in the field and tested positive for SBV
in Belgium [14]. SBV‐positive Culicoides dewulfi and C. obsoletus were also detected in Belgium
and Denmark [13].

The transmission by a wide range of Culicoides spp. may explain the rapid spread of SBV.

Viruses more closely related to SBV are not considered zoonoses; hence, most authorities have
concluded that the probability of SBV infecting humans is minimal [3]. Because SBV emerged
recently, transmission from animals to human cannot yet be completely excluded. A seropre‐
valence study by Ducomble et al. [15] conducted among exposed shepherds in the area of
Germany most affected by SBV showed no evidence of transmission to humans. However,
further studies on whether SBV poses a risk to humans are vital [15].

1.5. Schmallenberg virus impact on ruminant health

SBV has the ability to infect exclusively ruminant species [9]. Within the domestic ruminants,
the most affected are cattle, followed by sheep and goats [16]. Horizontal transmission occurs
through various Culicoides biting midges, and subsequent transplacental transmission causes
teratogenic effects. Despite infection being mostly asymptomatic, foetal Schmallenberg virus
infection in naïve ewes and goats can result in stillborn offspring, showing a congenital
arthrogryposis‐hydranencephaly syndrome. The economic impact of infection depends on the
number of malformed lambs but is generally limited [9]. It was shown that SBV infection in
meat sheep herds caused increased rates of abortion, malformations, dystocia, lamb mortality
and reduced fertility rate [16]. A study conducted by Wüthrich et al. [17] revealed that the
average calculated loss after SBV infection for a standardized farm was EUR 1338, which can
be considered low at the national level, but the losses were subject to great fluctuations between
farms, so individual farms could have very high losses (EUR 8333). The overall prevalence of
infected animals within a herd is an important factor [17], and the economic impact of the
infection depends on several aspects, such as, the number of malformed lambs, days where
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milk production is lower and stage of pregnancy on which the infection occurred [9, 17].
However, the emergence of SVB has a financial impact on international trade in live sheep and
goats, for example, with some countries (USA, Mexico and Japan), to place restrictions on the
import of embryos and semen of Europe [9]. In conclusion, the impact of SBV on animal
population and the associated economic losses are still much discussed, though surveillance
activities (syndromic surveillance, abortion surveillance, sentinel herd and Culicoides
surveillance) and databases as well as cross‐sectional epidemiological studies on disease
outbreaks are essential to analyse the real impact of these and define action steps [10, 18].

2. Differential diagnosis of SBV

The clinical symptoms of acute SBV infection are unspecific and vary among animal popula‐
tions. Thus, possible causes of high fever, diarrhoea, decrease in milk production, increased
incidence of abortion and congenital malformations should be taken into account in the
establishment of the differential diagnosis and consequently in obtaining definitive diagnosis.
In contrary to cattle, clinical signs reported in adult small ruminants may be present only
during the viraemic phase, but in most cases the infection is mostly asymptomatic [9].

Malformation in newborn or stillborn lambs and clinical signs correlate with the stage of
development at which the foetus was infected but these are also not specific of SBV infection.
Foetal Schmallenberg virus infection in naïve ewes and goats can result in stillborn offspring,
showing a congenital arthrogryposis‐hydranencephaly syndrome [9]; however, other congen‐
ital malformations may be present such as hydrocephaly, brachygnathia inferior, ankylosis,
torticollis and scoliosis.

The lack of specificity of the observed clinical signs in infected adults, stillborn foetuses and
malformed neonates means that a definitive diagnosis of SBV infection can only be made
accurately based on clinical evaluation and specific laboratory examinations [9].

Although several differential diagnosis for abortion and congenital abnormalities have been
suggested to include several factors such as genetic (spider lamb syndrome), teratogenic
chemicals or toxins (Veratrum californicum, Lupinus spp., pregnancy toxaemia, lead poisoning)
nutritional conditions such as vitamin (vitamin A, vitamin B1) or mineral deficiencies
(hypocalcaemia, hypomagnesaemia, copper) and infectious agents [19], in this section we are
going to emphasize infectious causes of this condition. In general, a sudden onset of clustered
cases of abortion, premature and at term, live or stillborn foetuses with arthrogryposis and
hydranencephaly suggests a teratogenic virus as possible cause.

The main infectious diseases to consider include:

• Bluetongue disease

Bluetongue is an arthropod‐borne disease affecting wild and domestic ruminants although
clinical disease is present mostly in sheep; cattle and goats hosts [20, 21]. The disease occurs
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worldwide and is caused by bluetongue virus (BTV), which belongs to the genus Orbivirus
within the family Reoviridae [20].

BTV infection of livestock is distinctly seasonal (late summer and fall) in the temperate region
once is transmitted biologically by certain species of Culicoides midges that consequently show
maximum activity in high temperature and high humidity [21–23], and these conditions can
influence the activity of the vector as well as the viability of the virus. Some authors propose
that the global climate changes as well as geography and altitude affect the activity of the vector
and are responsible for sudden outbreaks worldwide [21, 23, 24].

The types of characteristic lesions of BTV in affected sheep include: haemorrhage and erosion/
ulcers on mucous membrane of the oral cavity and upper gastrointestinal tract, necrotic lesions
on the lips, dental footpad and tongue as well as oedema [20], necrosis of skeletal and cardiac
muscle, coronitis, subintimal haemorrhage in the pulmonary artery; oedema of the lungs,
ventral subcutis and fascia of the muscles of the neck and abdominal wall; and pericardial,
pleural and abdominal effusions [25].

Other unspecific signs include drop in milk production, loss of body weight, fever, depression,
excessive salivation, serous to bloody nasal discharge, facial oedema, hyperaemia, lameness
and death [20, 26]. In goats, the infection demonstrated an acute drop in milk production,
oedema of the lips and head, nasal discharge and erythema of the skin and udder [20]; however,
in goats and cattle infection may be unapparent [20]. Newborn lambs may reveal porencephaly
and cerebral necrosis; however, this type of lesions is more frequent after vaccination using an
attenuated virus. The severities of clinical signs seem to vary with the species, breed, age,
immune status and the serotype/strain of the infecting virus and with certain rather ill-defined
interactions with the environment. Bluetongue typically occurs when susceptible animal
species are introduced into areas with circulating virulent BTV strains, or when virulent BTV
strains extend their range to previously unexposed populations of ruminants [24, 27].

The outcome of BTV infection of foetal ruminants is age-dependent and transplacental
infection [28], which may result in either stillbirths, abortions or the birth of non-viable lambs
with severe lesions of the central nervous system [20, 25]. In cattle, most infections are
unapparent [20, 21]; however, a few animals may develop clinical signs that include fever,
salivation, facial oedema, lesions on lips and nostrils, ulcerations in the oral and nasal mucosa,
including tongue and gingiva, and coronitis [29, 30]. In utero transmission occurs in cattle and
can result in birth of viraemic calves, abortion, congenital defects such as cerebellar hypoplasia,
hydranencephaly or porencephaly accompanied with behavioural abnormalities (head
pressing, ataxia, inability to stand and suck well, dullness, disorientation and impaired
vision)and congenital musculoskeletal deformities (agnathia, brachygnathia and arthrogry-
posis) [29–31].

• Epizootic haemorrhagic disease (EHD)

Epizootic haemorrhagic disease virus is a member of the genus Orbivirus, family Reoviridae,
and is closely related to bluetongue virus [32–34]. The virus is transmitted between susceptible
ruminants in temperate regions by biological vectors from the genus Culicoides spp. [35];
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therefore, this infection is most common in the late summer and autumn during peak vector
population [36, 37]. Another factor that may contribute to the dissemination of this disease is
the introduction of ruminants from neighbouring farms without quarantine and the presence
of organic and other waste‐water lagoons on the farm that can act as attraction for the mosquito
[35, 37]. The main source of the virus is the blood of viraemic animals. The clinical signs of
EHD in cattle are fever, anorexia, dysphagia, prostration, nasal discharge, ulcerative and
necrotic lesions of the oral mucosa, hyperaemia and oedema of the conjunctival mucosae,
muzzle, hyperaemia of the teats and udder, haemorrhage, dehydration and lameness [33, 35].
Abortions [38] and stillbirths have also been reported in some epidemics [39].

• Foot and mouth disease (FMD)

FMD is a highly contagious disease caused by an aphtovirus that belongs to the Picornaviridae
family [40, 41], which affects cloven‐hoofed animals, mostly cattle, swine, sheep, goats and
many species of wild ungulates; however, sheep and goats can be carriers, some studies reveal
that the last two species are infrequent carriers. In adult cattle, the main symptoms are
characterized by a sudden decrease in milk production, fever (40–41°C), lameness, as well as
severe diarrhoea and anorexia, followed by the appearance of vesicles and erosions in the
mouth, teats and feet [42], and abortion in pregnant animals. Secondary infections can appear
in these areas in which the more notable one is the acute painful stomatitis. Although FMDV
rarely causes death in adult animals, young animals are more susceptible and may suffer from
severe lesions in the myocardium [42]. Reproductive failure and abortion may also be report‐
ed [43–45].

In sheep and goats, the disease is generally mild and is important mainly because of the risk
of transmission to cattle and can be difficult to distinguish from other common conditions [41,
46].The more common syndrome in this species is the appearance of a few small lesions, but
with a more severe involvement of all four feet. The principal mechanism of transmission is
the respiratory route [41, 47] or by ingestion through direct or indirect contact with secretions
or excretions from infected animals; however, the possibility of aerogenous infection exists
between cloven‐hoofed species [48]. Cattle are the most susceptible, followed by sheep,
whereas pigs are very resistant [47]. The period of maximum infectivity occurs during the early
clinical phase of the disease when there is contact with the vesicular fluid when vesicles are
discharged.

• Bovine viral diarrhoea (BVD) and Border disease virus of sheep

These viruses are members of the Flaviviridae family and belong to Pestivirus genus. BVD
infects a range of domestic and wild ruminants [49]. Among the ruminant pestiviruses, there
are two biotypes designated as non‐cytopathic and cytopathic depending on their effect on
tissue culture cells. Only the non‐cytopathic, which is ubiquitous in nature, has the ability to
establish persistent infection, once this type crosses the placenta invades the foetus and
establishes persistent infection due to the non‐recognition of the virus, at the age of infection,
by the immature immune system. This condition is determinant for the spread of the virus [50,
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51]. Cytopathic bovine viral diarrhoea virus (BVDV) is rare and seldom isolated unless
accompanied by non‐cytopathic BVDV.

Although clinical presentations depend on several factors, such as on strain of virus, species
of host, immune status of host, reproductive status of host, age of host, concomitant infections
and time of gestation [49], BVD virus is known to produce from subclinical infections (persis‐
tently infected animals) to a large number of diverse diseases, including reproductive disorders
(decrease in conception rate and pregnancy rate, increased embryonic mortality), early
embryonic death, foetal reabsorption abortion, stillbirths, central nervous system defects
(microencephaly, cerebellar hypoplasia, hydranencephaly, hydrocephalus, hypomyelinogen‐
esis, hypomyelination, cerebellar‐ocular agenesis, ocular abnormalities), ocular abnormalities
(microphthalmia, cataracts, retinal degeneration, optic neuritis), musculoskeletal deformities
(brachygnatism), thymic aplasia, hypotrichosis, alopecia, pulmonary and renal hypoplasia [29,
50], growth retardation [29], enteritis and mucosal disease [51–53]. The most dramatic clinical
symptoms are associated with the peracute form of the disease that is characterized by a
sudden decrease in milk production, fever, watery and bloody diarrhoea, dehydration,
tenesmus, tachypnea, tachycardia, drooping ears, anorexia, excessive lacrimation, nasal
discharge, hypersalivation, petechial and ecchymotic haemorrhages of the visible mucosa, and
development of ulcers of the nares, muzzle, lips and oral cavity [54] mucous membranes as
well as skin lesions around the inguinal and perineal regions, the inner thighs and inside the
ears [55]. Thrombocytopenia and haemorrhagic syndrome [54] may also be present in animals
affected with the disease. Mucosal disease may also appear as a chronic form which persists
for weeks to months and is manifested by inappetence, intermittent to chronic diarrhoea and
weight loss. Cattle that have chronic mucosal disease appear unthrifty, may show lameness
due to laminitis or interdigital necrosis, and may develop alopecia and hyperkeratinization.
Acute or chronic mucosal disease usually occurs in cattle younger than 3 years of age [55].

The virus is transmitted by direct contact between animals and by transplacental transmission
to the foetuses. The primary source of infection is the introduction of persistently infected
animals into the farm [56]. Nose‐to‐nose contact is the most effective method of transmitting
the virus. Another way of transmission is through contact with fomites such as contaminated
needles, obstetric gloves or other equipment [53, 57]. Another indirect way of contact is the
transmission through blood‐feeding flies and artificial insemination [56].

Border disease (BD) is a congenital virus disease of sheep and goats and is caused by a
pestivirus closely related to classical swine fever virus and bovine viral diarrhoea virus [58].
Ewes in acute infection are clinically normal, and viraemia is transient and difficult to detect,
and the infection in goats is rare and mainly characterized by abortion. Clinical signs in sheep
include barren ewes, abortions, stillbirths, birth of unviable lambs, foetal death with resorption
and mummification [58–60]. Affected newborn lambs can show clonic rythmic tremors,
abnormal body conformation, inability to stand, gait anomalies and abnormally hairy birthcoat
so‐called ‘hairy‐shaker’ or ‘fuzzy’ lambs which is due to hypertrophy of primary follicles and
medullation of wool fibres [61]. Nervous signs are due to a defective myelinogenesis and tend
to disappear at a later age [61–63]. Some authors showed that major skeletal abnormalities are
brachygnathia, prognathia and arthrogryposis [59]. Although some lambs die shortly after
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birth, surviving lambs, as well as apparently normal lambs, can be persistently infected with
the virus and excrete it constantly for the rest of their lives. The virus is excreted with saliva,
nasal discharge, urine and faeces [63]. Persistently infected animals are the major source of
infection and are responsible for the vertical transmission to other susceptible flock or even
cattle when mixed grazing is present [60]. The surviving lambs are persistently infected with
the virus. Acute infection is usually subclinical, and sheep may also be infected following a
close contact with cattle excreting the closely related BVDV [60].

• Bovine herpesvirus type-1 and other herpesviruses

Infectious bovine rhinotracheitis/infectious pustularvulvovaginitis (IBR/IPV) is caused by
bovine herpesvirus type‐1 (BHV‐1) [64], and is a disease of domestic and wild cattle. BoHV‐1
is a member of the genus Varicellovirus, which belongs to the Herpesviridae family, subfamily
Alphaherpesvirinae [50, 64]. BHV‐1 shares antigenic and genetic close relationships with other
ruminant alphaherpesviruses [64]: BoHV‐5, caprine herpesvirus‐1, cervid herpesvirus‐1 (red
deer), cervid herpesvirus‐2 (reindeer), bubaline herpesvirus‐1 and elk herpesvirus‐1 [65]. The
virus has been associated with a wide range of clinical symptoms, including rhinotracheitis,
abortion, infertility and occasionally encephalitis in calves [50, 66]. However, the clinical
symptoms may be mild and localized or include severe generalized disease, leading eventually
to death [67]. Infection of cattle by bovine herpesvirus type‐1 (BHV‐1) can lead to upper
respiratory tract disorders (rhinitis, tracheitis, mucopurulent nasal discharge and conjuncti‐
vitis) [68], conjunctivitis, genital disorders (endometritis, poor conception rates, pustularvul‐
vovaginitis, balanoposthitis) and immune suppression [65]. The main sources of infection to
susceptible animals are those with a latent BHV‐1 and the contact with nasal secretions,
coughed‐up droplets, genital secretions, semen, genital fluids and tissues of infected animals
[69].

In adult goats, infection with caprineherpesvirus‐1 (BHV‐6) is responsible for abortion during
the second half of pregnancy, stillbirth and neonatal deaths,and the infection leads to vulvo‐
vaginitis [70] or balanoposthitis [65]. In newborn kids, ulcerative and necrotic lesions [71] are
distributed throughout the enteric tract, and a complex and purulent respiratory compromise
and systemic disease is present [65].

• Rift Valley fever

Rift Valley fever (RVF) virus belongs to the Phlebovirus genus and Bunyaviridae family and is
a vector‐borne disease of sheep, cattle and goats [72]. The disease is usually present in epizootic
form over large areas of a country following heavy rains and sustained flooding, and is
characterized by high rates of abortion, neonatal mortality, primarily in sheep once these are
more susceptible than cattle and goats [73]. Besides domestic and wild ruminants, humans can
also be infected [72]. The disease is also characterized by foetal malformation accompanied by
high mortality, bloody diarrhoea, haemorrhages and acute hepatic necrosis [72, 73]. The most
frequent foetal abnormalities include cerebellar hypoplasia, por‐ or hydranencephaly and
skeletal deformities such as brachygnathia and arthrogryposis [31].
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Many species of mosquitoes have been identified as vectors [73, 74]. Some Aedes species act as
reservoirs for the virus during inter‐epidemic periods, and increased rainfall in dry areas leads
to an explosive hatching of mosquito eggs, many of which contain the virus. The infected Aedes
spp. feed preferentially on domestic ruminants which act as an amplifier of the virus [74].
Humans infect themselves through direct or indirect (aerosols) contact with blood, secretions
or tissues of infected animals, which occurs in veterinary procedures (obstetrical manoeuvres,
medical treatments), animal husbandry [75], slaughtering, consumption of raw milk and in
food preparation. Another source of infection for humans and livestock is the infected blood
sucking mosquitoes’ vector [76].

In general, clinical signs of the disease tend to be unspecific; however, the sudden onset of
numerous abortions (with rates near 100%) and high mortality among young animals along
with the clinical history and the environmental factors can help in the establishment of the
clinical diagnoses. In sheep, the most common symptoms are (highly susceptible) fever (40–
41°C), inappetence, nasal discharge, incoordination, weakness, depression, bloody or fetid
diarrhoea [76]. Newborn lambs are considered extremely susceptible, and the main symptoms
are: sudden death, fever prior to death (40–42°C), weakness, depression, listless, abdominal
pain, tachypnea, increased respiratory rate abdominal respiration prior to death [72].

• Bovine ephemeral fever (BEF)

BEF is an arthropod‐borne rhabdovirus that causes a debilitant disease of cattle and water
buffaloes with considerable economic impact [77–79]. Bovine ephemeral fever virus belongs
to Ephemerovirus genus from the Rhabdoviridae family. The virus has been isolated from a
range of potential insect vectors, including a large number of species of Culicoides and several
species of mosquitoes such as Aedes spp., Culex spp. and Anopheles spp. [79]. Bovine ephemeral
fever virus causes a febrile illness affecting mainly mature animals [80]. The onset of clinical
signs is usually rapid: a sudden sharp drop in milk production, loss of condition fever stiffness,
lameness, nasal and ocular discharges, periorbital swelling, sialorrhea, tachypnea, dyspnoea,
nasal and ocular discharges, depression, cessation of rumination and constipation [77, 81, 82].
Cows in advanced pregnancy may abort [77].

• Akabane virus

Akabane virus is an Orthobunyavirus and member of the Simbu serogroup of the family
Bunyaviridae. Akabane is an insect‐transmitted virus that causes congenital abnormalities of
the neurological system in ruminants and one of the most potent teratogen viruses affecting
cattle, sheep and goats [29, 83]. The incidence of Akabane virus‐induced disease is influenced
by the species and time of gestation at which infection occurs [29] and by the strain of the virus.
Infection in adult cattle has usually no specific signs while infection of pregnant cattle often
causes foetal damage, resulting in abortion, stillbirth or various congenital abnormalities [84–
86]. A distinct tropism for immature rapidly dividing cells of the foetal central nervous system
and skeletal muscle results in direct virus‐induced necrotizing encephalomyelitis and poly‐
myositis. The most severe defects are seen after susceptible cows have been infected in earlier
gestation. Infection during organogenesis may substantially disrupt structural development
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in target organs [87] causing arthrogryposis [88], and sometimes also torticollis, kyphosis and
scoliosis [29, 84] with associated neurogenic muscle atrophy due to depletion of spinal ventral
horn motor neurons, a loss of axons, and depletion of myelin in the lateral and ventral tracts
[89]. Calves infected late in pregnancy may be born alive but unable to stand and may have a
flaccid paralysis of the limbs, or may be incoordinated and on necropsy show a disseminated
encephalomyelitis [90]. These calves have varying degrees of cavitation of cerebral hemi‐
spheres. Some calves may be affected with both arthrogryposis and hydranencephaly.

In 1979, Hashiguchi et al. [91] demonstrated that foetal infection in sheep, between 30 and 50
days pregnancy, result in most congenital abnormalities such as ankylosis of the limbs,
scoliosis, hydranencephaly, porencephaly, stillbirth with dwarfism and death after birth with
dwarfism and weakness. Few, if any, clinical findings are seen after infection in adult animals
[84, 91]. In small ruminants, the lesions of arthrogryposis and hydranencephaly are often seen
concurrently and are common in the same animals as well as cerebellar hypoplasia, porence‐
phaly, brachygnathia [31, 92]. This type of lesions may or may not be accompanied by
inflammation of the central nervous system [31]. Most Akabane‐infected lambs or kids are
stillborn or die soon after birth.

• Aino virus

Aino virus is a member of the Simbu serogroup of the genus Orthobunyavirus, family Bunya‐
viridae [29, 93]. This virus infection is closely related to the Akabane and SBV infection;
therefore, confirmatory diagnosis requires viral detection to differentiate infection between
these three viruses [98]. Aino virus is transmitted between animals by insect vectors from
Culicoides genus mosquitoes [90, 95].

Aino virus infection in adult animals is subclinical, and newborn calves infected can exhibit a
wide variety of skeletal and neurological abnormalities [29, 93, 96]. This virus infection is
closely related to the Akabane and SBV infection; therefore, confirmatory diagnosis requires
viral detection to differentiate infection between these three viruses [94, 98].

In naturally infected pregnant cattle, Aino virus has been associated with abortion [97],
stillbirths, premature births and birth congenital malformation, including severe hydranen‐
cephaly [98] and/or arthrogryposis [99], unilateral cavitation in the cerebrum, microcephaly
and cerebellar hypoplasia [92, 93]. The type of abnormality seen can be related to the time of
infection of the foetus [93]: early infection results in hydranencephaly and later infection results
in arthrogryposis [99]. Scoliosis [93], sunken eyes, cataracts, maxillary retraction and dental
irregularities are also clinical findings. Surviving calves may be weak and can have difficulty
suckling or standing. They may also be blind or have poor eyesight. In addition, they may
display a variety of neurologic signs, including ataxia, torticollis, tetany, paresis, swimming
movements, opisthotonus and circular walking.

• Cache Valley virus

Cache Valley virus (CVV) is a mosquito‐borne [100], teratogenic Bunyavirus in the Orthobu‐
nyavirus genus of the Bunyamwera group [1, 101], affecting mainly sheep [106]. Previous
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studies describing experimental CVV‐induced malformations in ovine foetuses showed that
the development of foetal lesions is age‐dependent. If the virus is inoculated between 28 and
48 days of gestation, foetal death and abortion occur among other lesions [102]; however,
foetuses are susceptible at any age demonstrating the tropism of many Orthobunyaviruses for
foetal tissues [1, 103]. In general, malformations involve central nervous and musculoskeletal
system. Some morphological studies showed necrosis in the central nervous system and
skeletal muscle of infected foetuses evaluated after 7–14 days post‐infection, and hydrocepha‐
lus, micromyelia and muscular loss were observed in infected foetuses after 21–28 days post‐
infection [1]. Gross pathology of the musculoskeletal system includes arthrogryposis (of one
or more limbs), torticollis, scoliosis of the vertebral column and muscular hypoplasia. Central
nervous system lesions include hydrancephaly, hydrocephalus, porencephaly, microencepha‐
ly, cerebral and cerebellar hypoplasia and micromyelia [1, 103, 104]. Dead embryos and
stillborn or mummified lambs are also found [104]. Anasarca is seen, as is oligohydramnios
[103]. Limb defects are also due to neurodegenerative changes seen histopathologically as areas
of necrosis and loss of paraventricular neutrophils in the brain together with a reduction in
the number of motor neurons. Skeletal muscle changes involve poorly developed myotubu‐
larmyocytes [104].

• Chuzan virus

Chuzan virus is a member of Palymserogroup from genus Orbivirus, family Reoviridae, and
itis closely related to the Akabane virus and Aino viruses [29, 99]. Chuzan virus is transmitted
between animals by insect vectors such as Culicoides spp. [105–107] and is considered a
teratogen virus once pregnant cows result in foetal congenital abnormalities [96, 108, 109].
Chuzan virus infection in adult animals is subclinical; however, foetal abnormalities in
newborn calves infected with Chuzan virus during gestation can exhibit a wide range of
skeletal and neurological abnormalities [106]. The most common clinical signs in deformed
calves are arthrogryposis, vertebral malformations, brachygnathia inferior and malformations
of the central nervous system, including hydranencephaly, porencephaly, hydrocephalus,
cerebellar hypoplasia and micromyelia [110].

• Wesselsbron disease

Wesselsbron disease is an acute, arthropod‐borne infection caused by a flavivirus, member of
the Flaviridae family. This virus affects sheep, goats and sporadically cattle [50, 111]. Infection
in adult animals and calves is usually subclinical or inapparent [112–114], although in sheep
with preexisting liver disease clinical findings can be more expressive and severe. Newborn
lambs and kids are most susceptible, and it is often accompanied by a high mortality rate [112,
115]. Outbreaks of congenital abnormalities in foetal or newborn ruminants, musculoskeletal
deformities, neonatal deaths [112], abortion in adult animals [31, 50, 112] as well as hydro‐
psamnii [116] in ewes, stillbirths and mummified foetuses [31] have been related. The main
lesions found in foetuses are arthrogryposis, brachygnathia inferior, hydranencephaly,
hydranencephaly, porencephaly, cerebellar hypoplasia [31], hypoplasia or segmental aplasia
of the spinal cord and neurogenic muscular atrophy [116].
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Abstract

Schmallenberg virus (SBV) is a novel Orthobunyavirus causing mild clinical signs in
cows and malformations in aborted and neonatal ruminants in Europe. SBV belongs to
the family Bunyaviridae and is  transmitted by biting midges.  This  new virus was
identified for the first time in blood samples of cows in the city of Schmallenberg in
North-Rhine Westphalia in November 2011. Since then, the virus spread to several
European countries. Here, we describe the pathogenesis and the risk of viral spread in
the Portuguese territory.

Keywords: Schmallenberg virus, emerging infections, epidemiology

1. Pathogenesis

The  knowledge  of  Schmallenberg  virus  (SBV)  pathogeny  will  allow to  achieve  a  better
understanding of its most obvious expression, reflected in their striking lesional pattern;
however, until now, the pathogenic features of SBV are not well understood. Current assump-
tions about SBV pathogenesis in ruminants are frequently based on findings described for
Akabane  virus  (AKAV),  which,  similar  to  SBV,  causes  in  aborted  or  stillborn  neonatal
ruminants, arthrogryposis and hydranencephaly syndrome (AHS) [1].

The tropism of SBV to the central nervous system (CNS) is already well described in the
literature, associated with several congenital malformations, being the most notorious in the
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brain [2]. However, taking into consideration the results obtained by Balseiro et al. [3],
regarding the presence of the virus in several tissues of naturally infected calves, SBV could
also have tropism to other organs and tissues, namely muscle, skeletal and cardiac, spleen,
placenta and umbilical cord [3].

As referred, SBV infection during gestational period affects the foetus, through a vertical
transplacental transmission. The development of teratogenic defects and its severity is directly
related with gestational time (GT) at the moment of infection and, consequently, neuronal cells
development in the CNS, which are the SBV target [2, 3].

The severity of lesions in the CNS is also dependent of the foetal immune system development,
characterized by cellular population of the thymus and lymph nodes and the production of
antibodies, which in bovines occurs between days 40 and 175 of GT and in the lamb starts 19
days post gestation and lasts until 115 days after conception and depends also of the foetal
CNS vulnerability (well defined in the cow as the period between days 60 and 180 of GT) [1, 2].

Thus, the severity of lesions in the brain and spinal cord depends on the complexity of the
interaction between foetal neurogenesis, immunocompetency, virulence of the viral strain,
intensity and time of infection [1–3].

If maternal infection occurs in early gestational period, before the foetus becomes immuno-
competent (between the 90th and the 180th day of GT in cow; between the 25th and 50th day
in sheep), severe dysplastic CNS lesions, including a distinctive micromyelia, without evidence
of inflammation are described, as well as abortion, stillborn and congenital malformations,
with no detectable viral RNA and antigen [2, 4, 5].

Infection in the first month of gestation could probably cause embryonic death and subsequent
resorption or abortion, only proven by repeat oestrus and matings, observed by farmers and
shepherds [4].

If maternal infection occurs in the late gestational period (after 180th day of GT in cow; after
50th day in sheep), inflammation—nonsuppurative polioencephalomyelitis (lymphohistio-
cytic) or meningoencephalomyelitis—can be present due to viral antigen recognition by the
foetal immune system, with detectable viral RNA and antigen [1, 2, 4, 5].

Probably due to the rapid organogenesis consequent to the shorter GT in sheep (GT of 150–
155 days), brain and spinal cord malformation are more severe in lambs than in calves [5]. As
well as most viral infections, transplacental transmission could not result in notorious
placentitis and most malformed newborns are stillborn at term [2].

1.1. CNS congenital malformations

The association of Schmallenberg virus with a range of congenital malformations, mostly in
the CNS, is well known [2]. The brain is the most frequent target, but cerebellar and spinal
cord defects are also referred by several authors [5]. The predominant malformations observed
in the CNS of both lambs and calves are hydranencephaly, porencephaly, hydrocephalus,
microencephaly, cerebellar hypoplasia and mild-to-marked dysplasia of the cerebellum, brain
stem and spinal cord [4, 6].
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According to Peperkamp et al. [5], defects occurring in the cerebrum might range from slight
to moderate dysplasia, including microencephaly, porencephaly, hydrocephalus and lack of
gyri (lissencephaly), to fully developed hydranencephaly.

Porencephaly refers to cystic fluid-filled cavities in the brain tissue, which communicate with
the ventricular system, and is usually described as the cavitation of the cerebral hemispheres.
One study performed by Herder et al. [1] revealed that the temporal and parietal lobes are
more frequently affected, usually in a bilateral-symmetrical matter. Furthermore, porence-
phaly might be present in both temporal and parietal lobes, in a condition named multicystic
encephalopathy.

Hydranencephaly is characterized by the destruction of brain hemispheres, many times with
a complete or almost complete replacement of the cortex by cerebrospinal fluid, surrounded
by a thin, almost transparent, membranous sac.

Cerebellar hypoplasia is one of the most frequently referred malformations in the CNS of SBV-
infected animals, and, both in lambs and in calves, various degrees of cerebellar dysplasia
might be present, even in animals presenting a normal cerebrum [5].

Morphologic alterations of the spinal cord are observed as a decrease in the cross-sectional
area of the spinal cord, or micromyelia. This malformation is characterized by neuronal loss
in the ventral horns, and is apparently positively correlated with the magnitude of musculos-
keletal deformities [5].

Histologically, the described malformations might be accompanied by the presence or absence
of inflammation, including encephalomyelitis, lymphohistiocytic meningoencephalomyelitis
and glial nodules. Microscopic lesions include rarefaction and cavitation, degeneration,
necrosis and loss of neurons, as well as mild to severe, diffuse astrogliosis and/or microgliosis
[1, 7].

1.2. Other lesions (musculoskeletal)

Malformed newborns presented underweight due to the underdevelopment of body mass,
skeletal muscles and variable severity of malformations. Frequently, bones undergo normal
development but vertebral malformations and arthrogryposis occur due to the imbalance in
foetal muscular activity, secondary to the loss of neurons in the brain and spinal cord and
demyelination, affecting descending tracts in the ventral spinal cord white matter, ventral horn
motor neurons in the spinal cord grey matter and ventral spinal nerve roots [2, 4, 8].

The lack of innervation, by lower motor neuron, to the skeletal muscle motor units prevents
its normal development, resulting in muscular hypoplasia. Neuronal bilateral loss in cervical
and lumbar intumescences causes bilateral arthrogryposis, and unilateral neuronal loss causes
unilateral arthrogryposis [4, 5].

This neuronal loss in spinal cord could be grossly visible in severely affected cases, as a small
dorsoventral flattened spinal cord, designated by micromyelia and, consequently, results in
denervation of the axial and appendicular musculature with the failure of normal skeletal
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muscle development, resulting in the lesions of vertebral column malformations and arthrog-
ryposis [2].

Figure 1. Newborn lamb with 6 days revealing prognathism and kyphosis.

Therefore, vertebral column malformations, namely torticollis, scoliosis and kyphosis (Figure
1) of the thoracic vertebral column, mostly combined with arthrogryposis are consequent to
dysplastic CNS lesions and represent the most visible gross lesions [2]. Scoliosis, kyphosco-
liosis and kyphosis without torticollis are less frequent and vertebral column malformations
without arthrogryposis are rare (Table 1) [2].

Frequency Arthrogryposis Vertebral column malformations

Torticollis Scoliosis Kyphosis Torticollis

Frequent x x x x x

Less frequent x x

Rare x x x x

Table 1. Most visible gross lesions.

Figure 2. Stillborn lambs with severe arthrogryposis multiplex congenital affecting the four limbs.

The most frequent lesion observed in the limbs is the arthrogryposis multiplex congenital
affecting the four limbs, symmetric and bilaterally (Figures 2–4), often accompanied by
vertebral column malformations, as referred. Arthrogryposis could range from different
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severities, affecting only the forelimbs (uni- or bilaterally) or only the hindlimbs (uni- or
bilaterally; rarely) (Table 2) [2, 5].

Figure 3. Arthrogryposis. Note the severe curving of joints.

Figure 4. Newborn kid with three revealing arthrogryposis affecting only forelimbs bilaterally.

Forelimb right Forelimb left Hindlimb right Hindlimb left

Frequent x x x x

Less frequent x x

Rare x x

Table 2. Frequency of arthrogryposis.

The histopathology of skeletal muscles of arthrogrypotic limbs revealed hypoplasia of striated
muscular tissue (severe reduction of muscle diameter) and myofibrillar hypoplasia, reflecting
the extent of dysplastic spinal cord with neuronal loss in the cervical and lumbar intumescen-
ces [2, 4, 5]. Other musculoskeletal histopathologic lesions described include atrophy and loss
of skeletal muscle mass (especially in the limbs and neck) (Figure 5), with the presence of
fibrous or adipose tissue, as well as the depletion of fat deposits [5, 9].
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Figure 5. Newborn kid with 6 days revealing the loss of skeletal muscle mass.

Figure 6. Newborn kid with 3 days revealing brachygnathia.

Figure 7. Stillborn lamb with prognathism.
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Abnormal flattened skull with cranial vault reduced by thickened frontal, parietal and occipital
bones was described [5]. Flattened ribcage could also be present, consequently to malforma-
tions of the thoracic vertebral column, as well as lordosis of the thoracolumbar part of the
vertebral column [2].

Lesions of brachygnathia (Figure 6) and prognathism (Figure 7) are described in the consulted
literature [5, 9].

Peperkamp et al. [5] reported hypoplasia of the lung lobes in ruminants affected with thoracic
malformation but in other organs analysed, such as urinary bladder, thyroid gland, liver,
spleen, heart muscle and vessels, uterus, ovaries, testes, peripheral nerves, placenta, oesopha-
gus, abomasum, small and large intestine, pancreas, adrenal glands, celiac ganglion, trachea,
skin, tongue and adipose tissue, no significant histopathological lesions were present [5, 9].

1.3. Characterization of inflammatory infiltrates

Inflammatory changes of the brain and meninges are more frequent in small ruminants than
in calves, and are characterized by lymphohistiocytic perivascular cuffs with parenchymal T
cells, B cells and microglia/macrophages. The CD3-positive T cells are the dominant cellular
group. CD79α-positive B cells are also found, but on a lesser extent and CD68-positive
microglia/macrophages are less often detected [1].

1.4. Challenges in differential diagnosis

Taking into account the most prominent lesion of CNS congenital malformations, in ruminants,
the first and most important challenge in the differential diagnosis (DD) is ruling out other
viral-induced congenital malformations in ruminants, including bovine virus diarrhoea virus
(BVDV), Border disease virus (BDV), blue tongue virus (BTV), Akabane virus, Aino virus (AV)
and Cache Valley virus (CVV) [2, 5].

Also, molecular and serological diagnosis becomes more difficult when the infection of SBV
occurs in early gestational period (aggravated in cows where the total GT is larger than sheep)
for having more time to develop an effective immune response (foetal lambs have its immune
system completely immunocompetent at mid-gestation, at the 90th day of GT) and performs
the viral clearance in seropositive offspring, which could make them negative to the virus [4,
5]. Moreover, malformations in CNS and musculoskeletal system are frequently caused by
teratogenic and genetic defects, as well as a significant number of inherited congenital
syndromes that closely resemble SBV lesions, such as arthrogryposis multiplex congenital
syndrome, arachnomelia, both with arthrogryposis [2]. Also, rare non-viral congenital
syndromes can occur, such as congenital myoclonus, Perosomus elumbis, Cyclopia and none
fragility described in bovine.

Unlike clinical signs, discrete, non-specific and variable, the lesions described above have a
dramatic and showy expression, could be easily recognized by clinicians but none are
pathognomonic for SBV, despite its great diagnostic value (Table 3). It is then extremely
difficult to obtain a precise and definitive aetiological diagnosis [2, 5].
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SBV BTV  BVDV
and BDV

AKAV

Cerebral defects Yes or no
(less common in cow)

Yes Yes Yes in early GT

Spinal cord lesions with arthrogryposis Yes No No Yes in late GT

Vertebral malformations Yes No No No (rare)

Table 3. The value of congenital malformations in the DD of viral-induced congenital malformations.

Therefore, definitive diagnosis requires systematic necropsies, with the examination of the
brain and spinal cord, which could be done in the field but the ideal practice would be the
recourse to a specialty laboratory to obtain diagnostic accuracy and specificity namely the
pathology laboratory, once the diagnosis could not be exclusively done based only in gross
lesions, even if arthrogryposis is present [2, 10] and require histopathology of the entire CNS
whose collection should be complete, which is labour intensive and requires specific material
to be performed (Figure 8).

Figure 8. Complete collection of CNS of a newborn kid with 3 days.

Pathological diagnosis must be complemented by molecular genetics, serological and viro-
logical diagnosis [2, 3].

Dissemination of information about the disease, especially in the moment of the entrance into
a given country, is crucial to alert professionals about the emergence of outbreaks, the data
registration for each suspect or compatible case being crucial, as proposed in Table 4. In this
registration, it is mandatory to include the date of occurrence, season and geographic region
information, to relate with vector activity, since as in the winter, with too low temperatures for
the vector activity, SBV may be soon ruled out [2].

Collection
date
(season)

Herd
code

Parish Municipality Earmark
mother

Species Race Gender Abortion  Perinatal
death

Stillborn

Age of
pregnancy

Age (days)

Case 1

Table 4. Data registration case identification proposal.
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Biological fresh samples collected should include abortion material, foetus, placenta, umbilical
cord (Figure 9) and maternal blood samples but, at the local, photos must be taken and
description of gross lesions must be done, as proposed in Tables 5 and 6.

Figure 9. Complete abortion material collection, including foetus, placenta, umbilical cord of a stillborn lamb.

Arthrogryposis  Torticollis  Scoliosis  Kyphosis  Thickness

of cranial

bones

Flattened

chest

Prognathism  Brachygnathia

Case 1

Table 5. Musculoskeletal malformations registration.

Microcephaly Cerebellar

hypoplasia

Spinal cord

hypoplasia

Lissencephaly Hydranencephaly Muscle

atrophy

Other

lesions

No gross

lesions

Case 1

Table 6. CNS malformations registration.

However, the shipment of biological fresh samples represents one of the greatest challenges
in the diagnosis of SVB, once abortion is very common and the abortion products are found
in the field, already in an advanced state of putrefaction and autolysis (Figures 8 and 9).

2. The vector of Schmallenberg virus in Portugal: lessons learned from the
past and applications to the future

Blue tongue virus and African horse sickness virus (AHSV) are arboviruses that have circu-
lated in Portugal in the past [11]. Both BTV and AHSV are double-stranded RNA viruses from
the family Reoviridae that cause infectious, non-contagious illness, included in List A diseases
by the Office International des Epizooties. BTV affects all species of ruminants [12], whereas
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AHSV affects equines and occasionally dogs [10]. These arboviruses are transmitted by the
bites of vector species of Culicoides [13]. Thus, so as with Schmallenberg, the incidence and
geographical distribution of BTV and AHSV are associated to the distribution and abun-
dance of Culicoides. Culicoides imicola constitutes the only field vector of AHSV while being the
main vector of BTV in Europe and Africa [11].

Both BTV and AHSV have sporadically emerged into the southern European countries of the
Mediterranean basin with the largest epidemic of BTV occurring between 1998 and 2002, and
affecting Bulgaria, Greece, Turkey, Italy, Macedonia, Yugoslavia, Spain, France, Montenegro,
Serbia and Bosnia and Herzegovina [14, 15]. Interestingly, BTV northern spread has shown
novel territories of C. imicola expansion, which is believed to have been influenced by global
warming [16].

Given the epizootic features of BTV, there was the constant need to record the distribution of
C. imicola and to identify whether other potential vector species of the Culicoides genus are
sufficiently distributed and in sufficient numbers to act as vectors for sustained arbovirus
transmission, and also to map areas of higher risk for endemicity of BTV and ASHV due to the
constant presence of adult Culicoides vectors [11]. These goals have for the past years been
achieved by vector surveillance systems across Mediterranean Europe and bordering coun-
tries, thus producing detailed predictive risk maps of Culicoides-borne disease.

Discussing this topic shows the need to highlight two reports of Culicoides vector surveillance
carried out in Portugal [11, 17], which mostly cover all territories and provide detailed
information on the temporal distribution of Culicoides species in Portugal from 2000 to 2010,
as independent entomological surveys.

Both studies have assumed similar sampling schemes, and divided mainland Portugal into 45
quadrats (or geographical units) each 50 km × 50 km so as to cover all territories in detail
(Figure 10) and performed similar trapping strategies.

Capela et al. [11] sampled a total of 87 sites (including at least two livestock holdings or farms)
within almost all geographical units. The authors took into account for variations in environ-
mental conditions between sampling years, randomly dividing into two equal groups and
sampling the first in 2000 and the second in 2001. Farms were included in the study if fulfilling
the following criteria: located at least 10 km apart and 2.5 km from the coast, contained a
minimum of five large livestock animals and did not use insecticides. Trapping was performed
using Onderstepoort-type black light traps [18, 19] with 8-W UV light bulbs and downdraught
suction, set on each night between 1 h before sunset to approximately 08.00 h the following
morning. Traps were set outside but within 25 m of livestock. Ribeiro et al. [17] sampled a total
of 212 sites within all geographical units between 2005 and 2010. Farms were included in the
study if fulfilling the following criteria: located at a minimum distance of 10 km from other
sampled holdings and at least 2.5 km from the coast, and contain a minimum of five horses or
ruminants (preferably cattle). Recruited farms were also not permitted to enforce insecticide
application for the duration of the survey. Trapping was performed using Center for Disease
Control (CDC) miniature light traps (model 1212; John W. Hock, Gainesville, FL, USA) with a
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4-W UV light and a suction fan, set from dusk to dawn. Traps were set outside but within 30 m
from livestock.

Figure 10. Sampling frames for Culicoides entomological surveys in Portugal since 2000 [11, 17].

2.1. Step one 2000–2001

During summer, 166 samples were collected containing 55,937 Culicoides spp. Individuals [11].
Culicoides imicola was the most frequently observed species, accounting for 66% of all individ-
uals, followed by C. obsoletus (17.3%) and C. pulicaris (10.7%), and with C. puncticollis and other
Culicoides complexes accounting for a very low proportion among all individuals. Despite
being found at higher numbers, C. imicola was less prevalent across geographical units (found
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in 64%) than either C. obsoletus (found in 82%) or C. pulicaris (found in 93%). Culicoides imicola
was significantly more prevalent in south Portugal (91% of southern geographical units) than
north Portugal (42% of northern geographical units). The most northern site positive for C.
imicola in this study was at 41°38.4′ N. Culicoides imicola was collected until the maximum
altitude of 850 m above sea level. Culicoides imicola appeared to be absent from the north-west
corner of Portugal and along the north-west coast. On the contrary, C. imicola was found to be
highly abundant in the central eastern Portugal. During winter, 22,883 individuals of Culicoides
spp. were collected with C. pulicaris accounting for 47% of the total Culicoides spp. catch,
followed by C. obsoletus (6%) and C. imicola (1%).

2.2. Step two 2005–2010

Of the total 5800 catches, 3632 contained Culicoides species [17]. Culicoides imicola was the most
frequently observed species, accounting for 74.8% of the individuals, followed by C. obsoletus
(7.7%). The central region of the country accounted for the highest catches of C. imicola.
Culicoides imicola was found to be less prevalent than C. obsoletus and comparing the distribu-
tion data with the one reported in 2000–2001 [20], C. imicola was found in five more geograph-
ical units, mainly in the northern regions. Culicoides imicola prevalence (per geographical unit)
was higher in both central and southern regions when compared to the north. The most
northern site positive for C. imicola in this study was at 41°92′ N. Culicoides imicola was collected
until the maximum altitude of 1694 m above sea level. Culicoides imicola was found to be highly
abundant in the central region of the country. The largest collections of C. imicola occurred
during the summer months of July, August and September, and the lowest during the winter
months of December, January and February.

2.3. Overall analysis 2000–2010

When combined, both studies provide robust evidence that C. imicola has been the most
prevalent Culicoides species in Portugal for the decade between 2000 and 2010, followed by
members of the Obsoletus group, clearly showing the sustained presence of Schmallenberg
virus vectors across the territory [11, 17].

Both studies also provide strong support to the notion that C. imicola is more prevalent in the
central and south of Portugal, while the Obsoletus group is more widespread throughout the
territory. Preferences in vector distribution have been related to different climate and habitat
particularities, which are markedly distinct between the north and the central/south regions
in Portugal [21]. Mainland Portugal geography is clearly demarcated by both the Atlantic at
the north and the Mediterranean at the south with a borderline set across the territory and
defined by Tagus, dividing the north with its forests, valleys and mountains, and the south
with its vast lowlands where typical Mediterranean vegetation grows [17]. Climate is also
diverse with maritime features and sharp differences between seasons in the north, and dry
hot climate in the south. Higher prevalence of C. imicola in the south has been associated to the
vector preference for breeding in moist nutrient-rich soils with high exposure to sun, typical
features of southern regions of Portugal [17], and a preference not observed for Obsoletus
group [20].
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Both reports also show that over the 10-year time frame of 2000–2010, C. imicola has been
detected more to the north but also at higher altitudes (850 m vs 1645 m) supporting that the
vector is adapting and spreading to newer territories. Nonetheless, the authors report that the
low numbers found suggest that these locations may be of borderline suitability, and the
specimens caught could potentially have been wind-borne from more suitable regions [17,
22]. In conclusion, combined entomological data from both Capela et al. [11] and Ribeiro et al.
[17] increase the understanding of the ecology of Culicoides vectors and Culicoides activity in
Portugal. They provide important data on vectors that are known to have a significant impact
on ruminants, in particular and within the scope of this review, of interest to Schmallenberg
virus epidemiology in Portugal and in the support to design strategies to prevent disease
spread in Portugal.
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Abstract

The  most  common  embryologic  abnormality  of  the  aortic  arch  is  aberrant  right
subclavian artery (ARSA), known clinically as arteria lusoria (AL). This vessel travels
to the right arm, crossing the middle line of the body and usually passing behind the
esophagus. If the artery compresses the esophagus, it may produce a condition called
dysphagia lusoria. Another commonly reported symptoms related to compression of
adjacent  structures  by  arteria  lusoria  were  dyspnea,  retrosternal  pain,  cough,  and
weight loss greater than 10 kg over a 6-month period. The chapter includes information
describing  demographic,  clinical,  and  morphological  characteristics  of  presence  of
arteria lusoria such as gender distribution, frequency in population, frequency of the
most commonly reported symptoms related to compression of adjacent structures,
coexistence with the most common vascular anomalies and diagnostic procedures. The
presence of arteria lusoria together with the right nonrecurrent inferior laryngeal nerve
(NRILN) is especially clinically important; during thyroid surgery, the right laryngeal
nerve cannot be found at the lower pole of the thyroid, and it may be injured by the
surgeon if it is not identified in the aberrant area or found lateral to the thyroid.

Keywords: aberrant right subclavian artery, arteria lusoria, anatomical variations, ves-
sels, clinical symptoms
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1. Introduction

The one of the most common embryologic vascular abnormalities of the aortic arch is an
aberrant right subclavian artery (ARSA), known clinically as arteria lusoria (AL) [1].

In approximately 80% of individuals, three arteries arise from the arch of the aorta. From right
to left, the brachiocephalic trunk arises (divided into the right common carotid artery and the
right subclavian artery), followed by the left common carotid artery, and finally the left
subclavian artery (Figure 1) [2].

Figure 1. Three-dimensional computed tomography reconstruction of the arteries (CT-64-row MDCT scanner, Light-
speed VCT, GE, Waukesha, Wisconsin, USA). Ao—arch of the aorta, BCT—brachiocephalic trunk, LSA—left subclavi-
an artery, LCCA—left common carotid artery, RCCA—right common carotid artery, RSA—right subclavian artery.

When an aberrant right subclavian artery (arteria lusoria) is present, the brachiocephalic trunk
is absent and four arteries arise from the arch of the aorta: the right common carotid artery
followed by the left common carotid artery, the left subclavian artery, and finally the right
subclavian artery, with the most distal left-sided origin (Figures 2–4). This vessel, the aberrant
right subclavian artery, travels to the right arm, crossing the middle line of the body and usually
passing behind the esophagus (Figure 3) [3, 4]. If the artery compresses neighboring structures
or organs, it may produce symptoms, the most common example being compression of the
esophagus by the arteria lusoria, which results in a condition called dysphagia lusoria [4].

Although the first description of an aberrant right subclavian artery was provided in 1735 by
Hunauld, the clinical entity was presented later [2]. In 1794, David Bayford, a physician from
London, England, described a 33-year-old woman who succumbed to malnutrition after
20 years of progressive dysphagia [3]. At autopsy, Dr. Bayford noted esophageal compression
by an abnormal right subclavian artery and suggested the term “dysphagia lusoria” to describe
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this syndrome. Hence, it is also known as Bayford–Autenrieth dysphagia [3]. Kommerell
described its radiological findings in 1936 [4].

Figure 2. Three-dimensional computed tomography reconstruction of the arteries (CT-64-row MDCT scanner, Light-
speed VCT, GE, Waukesha, Wisconsin, USA). Ao—arch of the aorta, AL—arteria lusoria, LSA—left subclavian artery,
LCCA—left common carotid artery, RCCA—right common carotid artery.

Figure 3. Computed tomography transverse scan on the level of arch of the aorta. Ao—arch of the aorta, AL—arteria
lusoria, E—esophagus, KD—Kommerell’s diverticulum, T—trachea.
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Figure 4. Three-dimensional computed tomography reconstruction of the arteries (CT-64-row MDCT scanner, Light-
Speed VCT, GE, Waukesha, Wisconsin, USA). Ao—arch of the aorta, AL—arteria lusoria, KD—Kommerell’s diverticu-
lum, LSA—left subclavian artery, LCCA—left common carotid artery, RCCA—right common carotid artery.

2. Embryology

Arteria lusoria results from abnormal embryologic development of the aortic arch. In the
normal situation, between the 4th and 5th weeks of embryonic life, blood leaves the heart by
a common trunk called the “truncus arteriosus”, which divides into two branches termed the
ventral aortae. These branches are connected with the paired dorsal aortae by six aortic arches.
The carotid system is formed by segments of the first three arches. The right fourth arch, a
segment of the right ventral aorta, and a portion of the right dorsal aorta develop into the right
subclavian artery. The left fourth arch persists as the adult aortic arch with the anlagen of the
seventh dorsal intersegmental artery, and this forms the left subclavian artery. The fifth arches
are both resorbed, and the sixth arches form the pulmonary artery and the ductus arteriosus
[5, 6].

The aberrant origin of the right subclavian artery is caused by the involution of the right
fourth vascular arch and proximal right dorsal aorta and the persistence of the seventh in-
tersegmental artery originating from the proximal descending thoracic aorta, resulting in
the arteria lusoria following an abnormal course [5, 6].
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3. Epidemiological and demographic characteristics

The frequency of ARSA varies throughout the world. In Europe, depending on the country, it
has been found in 0.11% (Great Britain) [7], 0.16% (Greece) [8], 0.3% (France) [9], or 0.36% (the
Netherlands) [10] of the population. Studies have also been performed on other continents:
Asia, 0.1–0.2% of cases (respectively: China and Japan) [11, 12]; North America, 0.5% of cases
(United State) [13]; or Australia and Oceania, 0.8% of cases (New Zealand) [14] (Table 1).
However, its detection arguably depends primarily on the sensitivity of the diagnostic
procedures employed, for example, cadaveric or CT versus chest X-ray examination.

AL (%) Country Type of investigation N/(total) Researcher

0.1 China Angiography 3/3000 Nie et al. [11]

0.11 Great Britain Gastroscopy 1/920 Kelly [7]

0.16 Greece Angiography 1/622 Natsis et al. [8]

0.2 Japan Autopsy 1/516 Saito et al. [12]

0.3 France coronarography 11/3730 Abhaichand et al. [9]

0.36 The Netherlands Endoesophageal ultrasonography 12/3334 De Luca et al. [10]

0.5 USA Computed tomography 36/7174 Haesemeyer and Gavant [13]

0.8 New Zealand Autopsy 19/2291 Cainey [14]

AL—arteria lusoria.

Table 1. Frequency of aberrant right subclavian artery (arteria lusoria) in different populations.

The gender distribution of the aberrant right subclavian artery was found to be similar: 55.3%
females versus 44.7% males [15].

4. Clinical characteristics

An aberrant right subclavian artery is usually asymptomatic, while about 8–10% of adult
patients develop symptoms [16]. The anomaly does not cause symptoms in most patients and
can be discovered incidentally during life or found at autopsy [17, 18].

When present, symptoms usually occur at the two extremes of life [19]. In children, respiratory
symptoms are prevalent, mainly dyspnea or chronic coughing. They can also present with
repetitive respiratory infections. Infant patients may demonstrate an increased frequency of
pulmonary infections, which is thought to be due to absence of tracheal rigidity in combination
with dysphagia and aspiration [19, 20]. As noted above, a rare cause of dysphagia observed in
adults is compression of the esophagus by an abnormal course of the aberrant right subclavian
artery, which is classically termed “dysphagia lusoria” [3].
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Although dysphagia may be the most frequent symptom demonstrated by adults, children
demonstrate a different respiratory symptomatology attributed to lack of the tracheal rigidity
associated with dysphagia and false routes [21]. In addition, the arteria lusoria can also be
revealed by the extension of aortic dissection or by peripheral arterial embolism.

A meta-analysis by Polguj et al. found the most commonly reported symptoms related to
compression of adjacent structures by an aberrant right subclavian artery to be dysphagia
(71.2%), dyspnea (18.7%), retrosternal pain (17.0%), cough (7.6%), and weight loss greater than
10 kg over a six-month period (5.9%) [15]. Among the less common symptoms, stomachache,
back pain, and numbness of the right upper limb were reported. The mean age of the onset of
symptoms was 49.9 ± 19.4 years for the whole group (data shown as mean ± standard devia-
tion). However, the mean age according to gender was 44.9 ± 18.1 years for males and
54.0 ± 19.6 years for females. This difference was statistically significant [15].

Dysphagia also frequently occurs in elderly patients, for which four mechanisms have been
proposed: increased rigidity of the trachea leading to easy compression of esophagus,
aneurysm formation, presence of Kommerell’s diverticulum, elongation of the aorta, the
coexistence of an aberrant artery with a truncus bicaroticus, or a close origin of common carotid
arteries from the arch of the aorta [22–25].

To the angiographer who uses the right axillary, brachial or radial approach to the ascending
thoracic aorta, the arteria lusoria is also a clinically important element. The presence of an
ARSA is suspected in cases in which catheterization of the ascending aorta proves difficult.
Using the right radial approach, access to the ascending aorta is usually easy [11]. Previous
studies indicate that only 60% of such cases were successfully performed by transradial
approach in the setting of AL [26]. This variant makes the right transradial route difficult to
approach the ascending aorta, as it requires the catheter to curve back to reach the aortic root
[26, 27]. However, the repeated entry of the guide wire from the right subclavian artery to the
descending aorta rather than the ascending aorta should indicate this possibility. Thus,
angiography can prove to be very challenging in the presence of an arteria lusoria [11, 26, 27].

Finally, the inferior right recurrent laryngeal nerve is an asymptomatic variation anomaly,
which can be an important obstacle and be seriously damaged during cervicotomy, thyroid,
and parathyroid surgery. In such cases, the inferior right recurrent laryngeal nerve is a classic
risk and must be eliminated by location and routine dissection of the nerve [28–30]. This is of
particular importance when the diagnosis concerns an asymptomatic neural anomaly discov-
ered by dissection or a vascular anomaly whose symptoms are very variable [30].

5. Morphological characteristics

The literature presents two main classifications of the aberrant right subclavian artery.
According to Neuhauser’s threefold classification, the first type of arteria lusoria crosses the
posterior wall of the esophagus, and this is observed in more than 80% of the cases. In the
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second type, this artery passes between the trachea and the esophagus (15% of the cases), and
in the third type, it crosses the midline of the body ahead of the trachea (in 5% of the cases) [23].

In contrast, the Adachi and Williams classification recognizes four basic morphological types.
Type I/G is characterized by an aberrant right subclavian artery arising from the arch of the
aorta as the final branch. Type II/CG is similar to the first type, but an additional left vertebral
artery arises from the arch of the aorta. In type III/H, three arteries arise from the arch of the
aorta: as the first common trunk of the common carotid arteries (truncus bicaroticus), as the
left subclavian artery, and as the last aberrant right subclavian artery. In type IV/N, the aberrant
left subclavian artery arises from the right-sided arch of the aorta as the final branch [31].

The most common vascular anomalies coexisting with an aberrant right subclavian artery
(arteria lusoria) were found to be truncus bicaroticus (19–29%), Kommerell’s diverticulum (15–
60%), aneurysm (just after the origin of arteria lusoria) (13%), and right-sided aortic arch (9%)
[15]. Klinkhamer regards truncus bicaroticus is a precondition for tracheal–esophageal
compression and the development of clinical symptoms. Under these circumstances, the
truncus bicaroticus holds the trachea from the front, and the aberrant right subclavian artery
compresses the esophagus from behind [22].

In 1936, Kommerell published the first radiological findings of the route of the aortic arch as
an aortic diverticulum (Kommerell’s diverticulum), which was identified as being located at
the origin of an aberrant subclavian artery [4] (Figure 3 and 4). Kommerell’s diverticulum is
usually found incidentally on a chest roentgenogram and is often misdiagnosed as a media-
stinal tumor [29]. Kommerell’s diverticulum is a normal broadening of the proximal origin of
the aberrant right subclavian artery from the aortic arch and is most frequently present in
patients with a right aortic arch and an aberrant left subclavian artery [32]. However, Kom-
merell’s diverticulum is not analogous with an aneurysm: The primary indication for surgical
repair of Kommerell’s diverticulum is a diameter larger than 50 mm and the presence of clinical
symptoms.

The identification of arteria lusoria should alert the radiologist and surgeon that a nonrecurrent
inferior laryngeal nerve (NRILN) is present and that an anticipating surgical technique should
be performed to reduce the risk of neural injury. Due to its anatomical position, an NRILN is
not only at risk of being damaged during thyroidectomy, but also during such other surgical
procedures as neck dissection, parathyroidectomy, and carotid endarterectomy [30, 33].

6. Diagnosis

The diagnosis of arteria lusoria was reported only on anatomical dissection until 1936, when
Burckhard Kommerell described the clinical diagnosis of an aberrant right subclavian artery
that originated from an aortic diverticulum, later known as Kommerell’s diverticulum, in a 65-
year-old man who was believed to have stomach cancer [4]. In 1946, Gross was the first to
report the surgical treatment of dysphagia lusoria, in a four-month-old infant [34].
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The diagnostic modalities available to visualize an arteria lusoria include barium esophago-
gram, computed tomography (CT), magnetic resonance imaging (MRI), digital subtraction
angiography (DSA), endoscopy and endoscopic ultrasound. New advances in CT technology
allow even small vascular structures to be visualized in detail. Multidetector computed
tomography (MDCTA) is now an established diagnostic test in the evaluation of many vascular
diseases [35–39].

Barium contrast examination of the esophagus shows a characteristic, extrinsic, smooth
diagonal impression at the level of the third and fourth dorsal vertebra. Lateral or oblique
views show the extrinsic impression to be posterior, and in case of arteria lusoria, just above
the level of the aortic arch. As dysphagia occurs frequently with ingestion of solid foods,
including a barium soaked bread bolus may improve localization of the defect [35].

Digital subtraction angiography gives valuable information regarding AL. It is an invasive
procedure and, in contrast to MDCT, has the disadvantage in showing extravascular structures
such as the esophagus. It has also been shown that the effective radiation doses in MDCT
angiography studies are moderate and even lower than those associated with DSA in a
comparable patient group.

CT or MRI (magnetic resonance imaging) angiography has replaced conventional angiog-
raphy and is the gold standard for the diagnosis. It not only confirms the diagnosis but
also helps to exclude aneurysm of the aorta or other associated anomalies and to plan the
operation [36–39].

MRI has the advantage of being a noninvasive procedure and the patient is spared the
potential risk of intravenous contrast agents. MRI is not as useful as MDCT due to the
generation of respiratory and cardiac motion artifacts. Also it is not a preferred method
due to its cost and prolonged scan time. Although MR angiography may reveal the pres-
ence of a vascular anomaly, the information regarding nonvascular mediastinal structures
is insufficient [36–39].

Endoscopy may reveal pulsatile, shelf-like extrinsic compression in the posterior wall of the
esophagus, with intact mucosa. Such an area of narrowing is usually located between 20 and
24 cm from the mouth [7].

Endoscopic ultrasound (EUS) can identify an arteria lusoria, as it lies close to the esophagus.
EUS is regarded as the most accurate test for the evaluation of the esophageal wall and the
surrounding structures, with the incorporation of Doppler technology in modern echoendo-
scopes allowing particularly accurate examination of adjacent vessels [10].

The combination of MDCT with 3D volume rendering images provides further advantages.
These allow not only the depiction of the thoracic vascular anomalies but also more accurate
assessment of the diameter, angle, and compressed area of the esophagus and the relationship
between the AL with the esophagus and other mediastinal structures. In addition, MDCT is a
noninvasive procedure, unlike DSA, and offers easier application and a shorter time require-
ment than DSA or MRA [36–39].
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7. Conclusion

A familiarity with the anatomy of the some types of vascular anomalies is necessary for
clinicians involved in many medical areas. Compression of adjacent structures by an arteria
lusoria needs to be differentiated from other conditions presenting symptoms such as
dysphagia, dyspnea, retrosternal pain, cough, and weight loss. The knowledge presented in
this chapter will allow the best healthcare to be provided for patients.
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Abstract

Clinical and mortality audit is an essential part of quality improvement in health care;
information  obtained  in  this  process  is  used  to  develop  targeted  interventions  to
improve outcome. This study aimed to determine predictors of short-term survival in
neonates. An existing neonatal database was reviewed. A total of 5018 neonates > 400 g
admitted to a tertiary hospital (Johannesburg South Africa) between 1 January 2013 and
31 December 2015 were analysed. Mean birth weight was 2148 g (standard deviation
[SD]: 972) and mean gestational age was 34.2 weeks (SD: 4.8). Overall survival was 85.6%
(4294/5018).  The most common causes of death were prematurity (46.2%), hypoxia
(19.5%) and infection (17.2). The strongest predictors of survival were birth weight (OR
1.0; 95% confidence intervals (CI): 1.0–1.01) and gestational age (OR = 1.1, 95% CI: 1.05–
1.17). Other predictors of survival included metabolic acidosis (OR = 0.14, 95% CI: 0.09–
0.20), hyperglycemia (OR = 0.31, 95% CI: 0.23–0.41), mechanical ventilation (OR = 0.35,
95% CI: 0.28–0.46), major birth defect (OR = 0.12, 95% CI: 0.08–0.18), resuscitation at birth
(OR = 0.39, 95% CI: 0.31–0.49) and Caesarean section (OR = 1.8, 95% CI: 1.44–2.25). In
conclusion, resources need to be focused on improved care of VLBW infants.

Keywords: neonatal mortality, clinical audit, very low birth weight, premature infants

1. Introduction

The fourth Millennium Development Goal (MDG) was a two-third reduction in the mortality
of children under the age of 5 years, which sub-Sahara African countries (including South
Africa) failed to achieve this [1]. In 2015, 1 million children died within the first day of life, a
further million in the first week of life and yet another 2.8 million in the first 28 days of life –
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4.8 million of the almost 6 million children under the age of five years who died in 2015, died
within the neonatal period [1]. Concentrating resources on newborns is therefore essential to
further reduce childhood mortality.

The causes of neonatal mortality vary considerably among different units and different
countries. The United Nations MDG 2015 report [1] states that “better data are needed for the
post-2015 development agenda” and “real-time data are needed” to guide policy makers. Most
data have a time lag of between 2 and 3 years before the policies are implemented. The MDGs
formed the foundation of the so-called Sustainable Development Goals (SDG) [2]. The SDGs
are less specific than the MDGs, but include health targets, one of which is to reduce both
neonatal mortality and mortality of children under the age of 5 years.

Regular audits of neonatal mortality are required to identify the causes of death so that proper
interventions can be implemented to reduce neonatal deaths. It is essential to have local data
to address local health issues; transposing mortality data from another country will not
necessarily solve local problems. This is particularly true when using data from a high-income
country to address problems experienced in low- to middle-income countries (LMICS). A
recent review of the mortality rates in neonatal intensive care units showed that the rate varied
considerably between different countries [3]; the mortality rate was generally high, but greater
in developing than developed countries. Issues such as the lack of antenatal care and inade-
quate health facilities are the causes of neonatal mortality in LMICS. A recent review from The
Gambia [4] showed a high neonatal mortality rate – 35% of admitted neonates died. The
important causes of neonatal death included lack of antenatal care, birth weight below 1500 g,
hypothermia at birth, and delivery outside a teaching hospital.

Previous studies done in very low birth weight (VLBW) neonates – birth weight below 1500 g
– at Charlotte Maxeke Johannesburg Academic Hospital (CMJAH) have shown that birth
weight was the most significant predictor of survival [5, 6]. Resuscitation at birth, the use of
nasal continuous positive airways pressure (NCPAP) and the mode of delivery were also
important factors affecting survival. Survival of extremely low birth weight (ELBW) neonates
was particularly low at CMJAH [7]. The provision of NCPAP to this category of neonates more
than doubled their survival to discharge [6].

2. Determinants of neonatal survival at a tertiary hospital in Johannesburg,
South Africa

Although VLBW mortality at CMJAH has been studied, the overall neonatal survival has not
been audited. The aim of this study is to review neonatal survival at CMJAH and to determine
important modifiable factors to inform protocols and budgeting for neonatal care. The
objectives of this study were to:

• Describe the patient population with regard to demographic information, clinical charac-
teristics, and outcome at discharge.
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• Determine the survival rate for different birth weight categories.

• Establish factors associated with neonatal survival.

2.1. Subjects and methods

The study was conducted in the neonatal unit of a tertiary academic hospital (CMJAH) in
Johannesburg, South Africa. All neonates admitted within 48 h of birth, between 1 January
2013 and 31 December 2015, were included in the study. Neonates with a birth weight below
400 g and those with important missing data, particularly birth weight, gestational age, and
outcome at discharge were excluded.

2.2. Study design

This was a secondary analysis of an existing neonatal database. Data were collected upon
discharge for each neonate admitted to the CMJAH neonatal unit and entered on to a database.
The database was managed using Research Electronic Data Capture (REDCAP) [8] hosted by
the University of the Witwatersrand. The information collected included demographic details,
maternal information, delivery room data, clinical information, and outcome at discharge.
Data from VLBW neonates was contributed to the Vermont Oxford Network (VON)
(www.vtoxford.org), a multinational neonatal collaboration. A paper computer summary form
was completed for each patient, using the patient file. Data were checked against the patient
file and then entered on to the database. The information on the database was then checked
against the paper form. Any discrepancies noted were verified against the patient files.
Definitions and codes for congenital defects or surgical procedures were obtained from the
VON.

Neonates were classified by weight using standard definitions—term large for gestational age
(TLGA) neonates weighed above 4000 g at birth, term appropriate for gestational age (TAGA)
infants weighed between 2500 and 3999 g at birth, low birth weight (LBW) neonates had a birth
weight less than 2500 g, very low birth weight (VLBW) included those weighing less than 1500
g at birth and extremely low birth weight (ELBW) less than 1000 g at birth. Term was considered
to be a gestation age between 37 and 42 weeks, preterm below 37 weeks, and post-term to be
above 42 weeks.

The unit participated in a national perinatal mortality audit – the perinatal problem identifi-
cation programme (PPIP)(www.ppip.co.za). The broad causes of neonatal death were catego-
rized using standard PPIP definitions.

2.2.1. Neonatal unit

The neonatal unit was situated in large tertiary academic hospital in a metropolitan setting.
Neonatal facilities included a transitional nursery in labour ward, a shared paediatric/neonatal
intensive care unit (PNICU) with 15 ventilator beds, a neonatal high care unit with 40 beds,
low-care facility with 25 beds, and nine kangaroo mother-care (KMC) beds. Nasal continuous
positive airways pressure (NCPAP) and therapeutic hypothermia for perinatal asphyxia were
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provided in high care. The neonatal unit was staffed by neonatologists, registrars, and house
staff. There were various paediatric sub-specialities in the hospital including nephrology,
neurology, cardiology, endocrinology, and infectious diseases. There was a large paediatric
surgery service and paediatric surgical neonates were admitted to the neonatal unit and jointly
managed with the neonatal staff.

Neonates who were observed in the transitional unit and then discharged to their mothers
were not included in the study. Neonates who died in the delivery room and transitional
nursery were considered to be admissions and were included in the study. Owing to resource
constraints, there were insufficient ventilator beds for the number of neonates requiring
ventilation. The PNICU functioned essentially as a ventilator unit; high-care observation was
not possible due to limited facilities. The neonatal unit had a policy of rationing care based on
birth weight—babies weighing below 750 g at birth would not be offered surfactant or NCPAP,
but only given supplemental oxygen, intravenous fluids, and antibiotics; babies weighing
between 750 and 900 g would be given surfactant and NCPAP, but would not be provided with
mechanical ventilation if required. All neonates with respiratory distress syndrome were
initially managed with NCPAP and early rescue surfactant; those who failed would be
transferred to the PNICU for mechanical ventilation. The use of NCPAP at CMJAH has recently
been reviewed [9].

2.2.2. Statistical analysis

Data were exported to IBM SPSS version 22 for the purpose of analysis. The standard statistical
methods were used to describe the data—continuous variables were described using measures
of central tendency and dispersion, mean and standard deviation (SD), or median and
interquartile range (IQR) as appropriate. Categorical variables were described using frequency
and percentages.

The primary endpoint was whether a neonate survived to hospital discharge. Univariate
analysis was done considering different maternal, demographic, and clinical variables as
independent factors of survival. Differences in outcome for continuous variables were
compared using unpaired t-tests or Mann Whitney U-test as appropriate. Associations of
outcome with categorical variables were investigated using Chi-squared test. A factor with a
p-value of 0.05 was considered statistically significant. Variables with a p-value <0.1 on the
univariate analysis were entered into a multiple logistic regression model considering whether
a child survived to discharge as the outcome variable. Factors associated with neonatal
mortality were determined separately for VLBW and bigger babies.

The possible sources of bias were identified and excluded from the analysis. Conditions which
were only present in neonates who were survivors and approaching discharge were identified
and excluded from the analysis of deaths. These conditions included supplementary oxygen
at 28 days, home oxygen and steroids for chronic lung disease. Maternal and delivery room
conditions were compared between those neonates who died in the delivery room and those
who died in the neonatal ward.
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at 28 days, home oxygen and steroids for chronic lung disease. Maternal and delivery room
conditions were compared between those neonates who died in the delivery room and those
who died in the neonatal ward.
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2.3. Ethics

Data were de‐identified and the key to patient details was kept separately and only known to
the principal investigator. Ethical clearance for the study was obtained from the Human
Research Ethics Committee of the University of the Witwatersrand. Permission to conduct the
study was obtained from the Chief Executive Officer of CMJAH. One of the authors was the
gatekeeper of the neonatal database; additional permission to access the database was not
required.

3. Results

The database was accessed on 20 February 2016, and there were 5695 neonatal records on the
database; 5386 records were for neonates born within the study period. There were 26 records
with missing outcome data, four babies who had a birth weight below 400 g and 338 neonates
who were admitted to the unit after 48 h. Thus, 5018 records were included in the review. The
mean birth weight was 2148 g (SD 972) and the mean gestational age was 34.2 weeks (SD 4.8).
The mean duration of stay was 13.75 days (SD 18.0).

Figure 1. Causes of neonatal deaths in Johannesburg, South Africa, between 01 January 2013 and 31 December 2015.
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There were 724 deaths, giving an overall mortality rate of 14.4%, alternatively expressed as a
percentage surviving to discharge of 85.6. Seventy-three percent (530/724) of neonates died in
the early neonatal period, within seven days of birth. There were 147 (20.3%) deaths in the
delivery room and seventy neonates (9.6%) died within the first 12 hours of admission to the
neonatal ward. The various causes of neonatal death according to the PPIP classification are
shown in Figure 1.

3.1. Birth weight

The mortality rate was strongly associated with birth weight. There were 3134 LBW neonates,
with a mortality rate of 18.6% (586/3134). The majority of deaths in LBW neonates occurred in
VLBW neonates (30.1% (479/1590)). Significantly more VLBW neonates died than babies >1500
g (30.1% vs. 7.1%; p < 0.001). The number of neonates and those who died in each birth weight
category is shown in Table 1.

Birth weight (g) Number Died % Mortality

<1000 (ELBW) 524 315 60.1

1000–1499 1066 164 15.4

1500–2499 1544 107 6.4

2500–3999 (TAGA) 1730 130 7.5

>4000 (TLGA) 154 8 5.2

Table 1. Distribution of deaths by birth weight category for neonates at CMJAH between 2013 and 2015.

Figure 2. Percentage surviving by birth weight for neonates at CMJAH between 2013 and 2015.
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The highly significant association between decreasing birth weight and increasing mortality
is shown in Figure 2 which depicts how the proportion surviving increases as birth weight
increases. The percentage survival for a birth weight of 900 g is 52.8.

3.1.1. Demographic and clinical characteristics in VLBW neonates compared to bigger babies

Further results are reported for VLBW neonates compared to bigger babies. Demographic,
maternal, and clinical characteristics are shown in Table 2. Certain conditions only occur in
bigger babies and were thus not reported for VLBW neonates, namely meconium aspiration
syndrome (MAS), persistent pulmonary hypertension of the neonate (PPHN), hypoxic
ischemic encephalopathy (HIE), and cerebral cooling.

Factor Cases % <1500 g >1500 g P-value

n % n %

Birth defect 264 5.4 29 1.9 226 6.8 <0.001

Delivery room death 147 2.9 54 3.5 33 1 <0.001

Birth place <0.001

-Other unit 718 14.4 162 10.5 552 14.5

-Born outside health facility 194 3.9 85 5.5 104 3.8 <0.001

-Inborn 4059 81.6 1302 84.1 2707 80.5

Antenatal care 4017 85.6 1150 77.4 2829 89 <0.001

Antenatal steroids 889 27.8 657 74.5 225 25.5 <0.001

Antenatal magnesium sulfate 102 2.3 65 4.7 37 1.2 <0.001

Chorioamnionitis 127 2.8 47 3.4 79 2.5 0.118

Maternal hypertension 651 14.3 377 27 269 8.7 <0.001

Maternal HIV 1410 29.4 456 31 946 28.9 0.147

Maternal syphilis 79 1.6 29 2.1 48 1.5 0.164

Maternal diabetes 134 2.9 7 0.5 127 4 <0.001

Maternal TB 44 1 11 0.8 33 1.1 0.416

Teenage mother 114 2.3 39 2.7 75 2.4 0.529

Vaginal delivery 2191 44.7 661 43.3 1489 44.9 0.288

Male gender 2752 55 720 46.5 1995 58.7 <0.001

Multiple gestation 586 11.8 272 17.8 301 8.9 <0.001

Delivery room resuscitation 1532 31 643 43.7 850 25 <0.001

Early onset sepsis 173 3.4 62 4.2 111 3.3 0.133

Oxygen on day 28 404 8.1 347 25.6 57 1.7 <0.001
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Factor Cases % <1500 g >1500 g P-value

n % n %

IVH 3/4 61 1.2 N/A N/A

PVL 11 0.2 8 0.7 3 0.1 <0.001

Died within 12 h of admission 70 1.4 39 2.6 31 0.9 <0.001

Pneumothorax 36 0.7 10 0.7 26 0.8 0.444

Pulmonary hemorrhage 32 0.7 27 1.8 5 0.1 <0.001

HIE 2/3 174 3.6 N/A N/A

Cerebral cooling 103 38.1 N/A N/A

Meconium aspiration syndrome 264 7.8 N/A N/A

PPHN 54 1.6 N/A N/A

HMD 2004 41.1 1347 89.6 657 19.5 <0.001

NCPAP 1565 32.5 1015 70.1 550 32.5 <0.001

IPPV 692 14.4 299 21 393 11.7 <0.001

NCPAP without IPPV 1228 24.5 795 78.9 433 79.4 0.816

Surfactant therapy 1580 33.1 1038 69.8 542 16.5 <0.001

Steroids for CLD 216 5.7 199 13.8 17 0.7 <0.001

PDA 245 5 152 10.2 93 2.8 <0.001

NEC 156 3.2 107 7.2 49 1.5 <0.001

Other surgery 136 2.9 29 2 107 3.3 0.014

Packed cell transfusion 674 13.4 527 35.9 147 4.4 <0.001

Exchange transfusion 24 1.5 9 1 15 2.2 0.039

Hypoglycemia 525 10.8 185 12.3 340 10 0.02

Hyperglycemia 375 7.7 287 19.1 88 2.6 <0.001

Hypernatraemia 169 3.5 148 9.8 21 0.6 <0.001

Metabolic acidosis 185 3.8 92 6.1 93 2.8 <0.001

Late onset sepsis 608 12.6 421 28.3 187 5.6 <0.001

Table 2. Demographic, maternal and clinical characteristics by birth weight for neonates at CMJAH between 2013 and
2015.

3.2. Risk factors for neonatal death

Neonates who survived were born at a significantly more mature gestational age than those
who died (34.8 weeks [SD 4.4] vs. 30.5 weeks [SD 5.5]; p < 0.001). Similarly, the birth weight of
neonates who survived was significantly greater than those who died (2260 g [SD 932] vs. 1495
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g [SD 940]; p < 0.001). Survivors stayed in hospital for a longer period of time than those
neonates who died (14.8 days [SD 18.5] vs. 7.1 days [SD 13.3]; p < 0.001). Body temperature on
admission was significantly higher in neonates who survived compared to those who died
(36.3oC [SD8.0] vs. 35.6oC [SD 1.6]).

Conditions significantly associated with death in all the neonates, including those who died
in the delivery room, are shown in Table 3. Only data for babies who died are reported. The
percentages refer to the number of babies who died with and without the various conditions.
For example, 38.5% (102) of babies who had a major birth defect died and 12.8% (596) of babies
without a major birth defect died. Percentages are reported per the total number of complete
cases for each condition—missing data were excluded. All other conditions were not signifi‐
cantly associated with death in the whole group of neonates.

Factor Condition present Condition absent P

# Died % # Died %

Birth defect 102 38.5 596 12.8 <0.001

Antenatal care 503 12.5 162 23.0 <0.001

Maternal HIV 209 14.8 433 12.8 0.061

Maternal diabetes 9 6.7 607 13.5 0.023

Vaginal delivery 404 18.4 303 11.2 <0.001

Birth place

Another unit 100 13.9

Outside health facility 53 27.3 <0.001

Inborn 569 34.0

Multiple gestation 101 17.2 612 14.0 0.035

Initial resuscitation 393 25.7 312 9.2 <0.001

MAS 34 `12.9 156 5.0 <0.001

Pneumothorax 12 33.3 559 11.6 <0.001

Pulmonary haemorrhage 24 75.0 558 11.6 <0.001

PPHN 25 46.3 165 5.0 <0.001

Hyaline membrane disease 399 19.9 183 6.4 <0.001

NCPAP 304 19.4 266 8.2 <0.001

IPPV 219 31.6 348 8.5 <0.001

NCPAP without IPPV 205 16.7 98 30.2 <0.001

Surfactant therapy 310 19.6 256 8.0 <0.001
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Factor Condition present Condition absent P

# Died % # Died %

PVL 4 36.4 424 9.5 0.003

IVH grade 3/4 29 47.5 32 52.5 <0.001

HIE grade 2/3 48 27.9 124 72.1 <0.001

NEC 65 41.7 508 10.9 <0.001

Surgery (not NEC) 38 27.7 524 11.4 <0.001

Blood transfusion 148 22.0 422 10.1 <0.001

Hypoglycemia 78 14.9 504 11.6 0.029

Hyperglycemia 165 44.0 417 9.3 <0.001

Hypernatraemia 64 37.9 518 11.0 <0.001

Metabolic acidosis 101 54.6 481 10.3 <0.001

Late onset sepsis 135 22.0 434 10.3 <0.001

Table 3. Factors associated with death in all neonates who died (n = 724), including delivery room deaths.

The results of binary logistic regression, considering whether neonate survived to discharge
as the outcome variable, are shown in Table 4. The chances of survival decreased with
metabolic acidosis, hyperglycemia, mechanical ventilation, major birth defect and the need for
resuscitation at birth, while increasing birth weight and gestational age and delivery by
Caesarean section were associated with an increased chance of survival.

Condition Odds ratio 95% CI for OR

Lower Upper

Metabolic acidosis 0.135 0.09 0.204

Hyperglycemia 0.307 0.23 0.409

Mechanical ventilation 0.357 0.278 0.46

Birth weight 1.001 1 1.001

Major birth defect 0.118 0.079 0.175

Gestational age 1.109 1.054 1.167

Caesarean section 1.803 1.444 2.251

Resuscitated at birth 0.395 0.315 0.495

Constant 0.21

Table 4. Results of binary logistic regression model for factors associated with survival in all neonates at CMJAH
between 2013 and 2015.
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3.2.1. Binary logistic regression: VLBW neonates

The results of binary logistic regression considering survival to discharge as the outcome
variable were performed for VLBW neonates (see Table 5). The percentage survival increased
with increasing birth weight, delivery by Caesarean section and the use of NCPAP without
the need for mechanical ventilation. Maternal HIV, hyperglycemia, resuscitation at birth,
pulmonary hemorrhage, NEC, and metabolic acidosis were associated with a reduced chance
of survival.

Factor Odds ratio 95% CI
Lower Upper

Birth weight (g) 1.005 1.004 1.006

Maternal HIV 0.582 0.394 0.861

Caesarean section 1.81 1.242 2.638

Resuscitated at birth 0.589 0.405 0.858

Pulmonary haemorrhage 0.176 0.063 0.493

Necrotising enterocolitis 0.252 0.139 0.459

Hyperglycaemia 0.489 0.325 0.737

Metabolic acidosis 0.098 0.051 0.191

NCPAP without ventilation 2.032 1.314 3.142

Constant 0.022

Table 5. Binary logistic regression for factors associated with survival to discharge in VLBW neonates at CMJAH
between 2013 and 2015.

3.2.2. Binary logistic regression: bigger neonates

The results of binary logistic regression considering survival to discharge as the outcome are
shown in Table 6. Birth weight was not significantly different between survivors and non-
survivors in this weight category. Decreasing gestational age, the need for resuscitation at birth,
mechanical ventilation, metabolic acidosis, and hyperglycemia were all associated with a
reduced chance of survival.

Factor Odds ratio 95% CI for OR
Lower Upper

Gestational age (weeks) 0.937 0.881 0.996

Resuscitated at birth 0.375 0.249 0.564

Mechanical ventilation 0.12 0.078 0.184

Metabolic acidosis 0.244 0.122 0.486

Hyperglycaemia 0.16 0.08 0.321

Constant 668.746

Table 6. Binary logistic regression for factors associated with survival to discharge in bigger neonates at CMJAH
between 2013 and 2015.
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3.2.3. Delivery room deaths

Neonates who died in the delivery room were less likely to have received antenatal steroids
and be delivered to mothers with hypertension or HIV, compared to neonates who died in the
neonatal wards. Delivery room deaths were associated with vaginal delivery and were more
likely in neonates who had been resuscitated at birth (see Table 7). Neonates who died in the
delivery room had a lower body temperature on admission than those who died in the neonatal
wards (34.6oC [SD 2.8] compared to 35.8oC [SD 1.2]; p < 0.001). All other variables including
birth weight and gestational age were not different between neonates who died in the delivery
room compared to the neonatal wards.

Condition present Delivery room death Percentage Neonatal ward death Percentage P-value

Antenatal steroids 15 9.4 144 32.3 0.001

Maternal hypertension 12 12.2 86 17.3 0.032

Maternal HIV 25 21.6 184 35.2 0.004

Caesarean section 51 35.4 252 44.8 0.042

Resuscitated at birth 95 64.6 297 53.2 0.013

Table 7. Maternal and delivery room factors compared between babies who died in the delivery room and those who
died in the neonatal wards.

4. Discussion

The ongoing audit of neonatal mortality and neonatal care to determine risk factors for poor
outcome is essential so that correct interventions can be implemented. The MDG 2015 report
states that better readily available data is urgently needed to guide health policies [1]. There
is a slogan in the report that says “together we can measure what we treasure”. The so-called
“Plan Do Study Act [PDS] cycle is a tool for quality improvement projects [10]. Ongoing clinical
audit is fundamental to quality improvement projects, both for planning the intervention and
then measuring the benefit of the intervention [11, 12]. It is also essential to have appropriate
local data available; different NICUs and neonatal populations have different problems and
need tailored solutions. For example, maternal HIV is an important issue in the current study,
but would not apply in a European setting.

The best example of clinical audit and quality improvement in neonatal care is the Vermont
Oxford Network [VON] (www.vtoxford.org). The VON is a multinational multicenter
collaboration of neonatal units established in 1989 with the aim of improving quality and
effectiveness of neonatal care by research, education and quality improvement projects [13].
There are currently more than 1000 neonatal units from around the world that participate in
the VON. Collaborative multi-disciplinary quality improvement projects [NIC/Q] are con-
ducted annually [14].

The present study was an audit of neonatal survival and risk factors for poor outcome in
Johannesburg, South Africa. The overall neonatal survival rate in the present study was 85.6%.
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Birth weight greatly influenced survival with 69.1% of VLBW surviving compared to 92.1% of
neonates above 1500 g birth weight. The VLBW survival in our unit was significantly less than
that reported in the VON [www.vtoxford.org] for the same period (69.1% vs. 85.6%). Neonatal
mortality rates among different neonatal units are highly variable, but the rates reported in
the present study are within the reported range for developing nations [3]. The current neonatal
survival rates are better than those reported from NICUs in The Gambia [4] and Ethiopia [15],
but worse than those reported from a NICU in Thailand [16]. It must be noted that different
mortality rates will be reported depending on which neonates are included in the audit—the
present study included neonates from 400 g birth weight and those who died within the
delivery room—omission of these would improve the results.

The most important causes of neonatal death in the present study were complications of
prematurity, perinatal asphyxia, infection, and birth defects. These findings are similar to other
studies evaluating risk factors for neonatal mortality [1, 17], although the contribution of
prematurity to neonatal death is considerably higher than that reported in United Nations
Millennium Development Goal Report 2015 [1] (42.3% vs. 35%). Birth weight is closely linked
to gestational age in LBW neonates; the higher mortality with decreasing birth weight in the
present study corresponds to increasingly premature neonates. It is interesting to note that in
bigger babies, gestational age, rather than birth weight, was associated with survival. Almost
15% of deaths in the present study were due to congenital abnormalities; this reflects the fact
that the unit was a referral centre for pediatric surgery; so many neonates with major congenital
abnormalities were referred in for surgery.

The present results are also similar to a report from a private healthcare group in South Africa,
who found that birth weight, Apgar score, and mode of delivery were all associated with
neonatal mortality [18]. This is interesting, as the majority of patients in the private health care
group were of White and Indian ethnicity, whereas those in the current report were almost
exclusively Black African.

Most of the neonatal deaths in the current study occurred in VLBW neonates; therefore
resources need to be focused on this group of neonates in order to reduce childhood mortality.
Decreasing birth weight, maternal HIV, the need for resuscitation at birth, pulmonary hemor-
rhage, NEC, hyperglycemia, and metabolic acidosis were all associated with a decreased
chance of survival in VLBW neonates, while delivery by Caesarean section and the use of
NCPAP without the need for mechanical ventilation significantly increased survival. These
findings are similar to reports from the same unit [5, 6]. Interventions need to be devised to
address these specific risk factors, such as ensuring prevention of mother to child transmission
of HIV, providing proper prompt neonatal resuscitation, maintaining normoglycemia, and
promoting breastfeeding. All preterm neonates, irrespective of birth weight, should be
provided with NCPAP. The use of surfactant and mechanical ventilation may not be available
in all NICUs in LMICS due to resource limitations. If necessary, surfactant and mechanical
ventilation can be rationed using prognostic criteria. The association of better survival with
Caesarean section is a more difficult one – it is possible that neonates delivered by Caesarean
section are the “better babies.” These mothers may have attended antenatal care, been admitted
earlier in labor, and received antenatal steroids. It is therefore possible that Caesarean section
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is a confounding variable. It is certainly not feasible to suggest that all preterm neonates in
LMICS be delivered by Caesarean section. Other factors such as antenatal care, antenatal
steroid use, and neonatal infection were not significantly predictive of survival in the present
study. This does not mean, however, that regular antenatal care attendance, the use of antenatal
steroids, and infection control should be omitted from interventions to improve VLBW
survival.

The factors associated with poor survival in bigger neonates included decreasing gestational
age, the need for resuscitation at birth, mechanical ventilation, metabolic acidosis, and
hyperglycemia. This emphasizes the need for all birth attendants to be skilled in neonatal
resuscitation. It is possible that mechanical ventilation will not be available in many NICUs in
LIMICs, but bigger preterm infants can be successfully managed with surfactant therapy and
NCPAP [9].

A recent report from Burundi showed that the neonatal survival rates were significantly
improved in a low resourced district hospital, without specialist care [19]. This was achieved
by integrating neonatal and obstetric services, with an emphasis on prompt referral and
transfer of mothers in preterm labor, the ongoing on-site training of staff with clear protocols
for case management, provision of essential equipment, and providing complementary
kangaroo mother care and NICU facilities.

In conclusion, ongoing clinical audit is integral to the process of quality improvement, to
develop appropriate health care policies and to monitor the impact of these policies. Focus on
neonatal care and especially that of VLBW neonates is essential if we are to achieve the SDG
goal of reducing neonatal mortality to 12 per 1000 births.
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Abstract

Vitamin B12 is only synthesized by microorganisms in nature and thus, is obtained
by human beings through their diet. Since the most important source of vitamin B12

is animal proteins, vegetarians may lack sufficient quantities of this vitamin in their
diets. Vitamin B12 deficiency may stem from a lower dietary intake, an autoimmune
issue  related  to  intrinsic  factors  or  gastrointestinal  system  diseases  resulting  in
vitamin  B12  malabsorption.  The  most  important  symptoms and findings  of  severe
vitamin  B12  deficiency  are  anemia  and  neurological  problems.  If  it  is  not  treated,
anemia symptoms and neurological disturbances resulting in spinal cord and cerebral
cortex demyelination may emerge. Vitamin B12 deficiency is one of the most frequent
vitamin deficiencies worldwide. This deficiency is a highly important public health
issue because of its serious complications if it is not detected and treated appropri‐
ately, although its treatment is very simple. Epidemiological studies in this field are,
therefore,  of  great  value.  Most  of  the  studies  on this  subject  have been examined
vitamin  status  of  the  general  population.  The  research  generally  contains  to  the
national  or  provincial  populations  data.  Nevertheless,  the  few  data  are  not  fully
representative in the general population. Determining risk factors and at‐risk groups,
and educating them about vitamin B12 deficiency and proper diet would prevent the
irreversible complications of this type of deficiency. The goal of this study is to review
epidemiological  studies  related  to  vitamin  B12  deficiency  and  to  point  out  the
importance of identifying and treating it.

Keywords: epidemiology, vitamin B12, anemia, deficiency, nutrition
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1. Introduction

Vitamin B12 is only synthesized by microorganisms in nature and thus, is obtained by human
beings through their diet [1]. Since the most important source of vitamin B12 is animal proteins,
vegetarians may lack sufficient quantities of this vitamin in their diets.

Vitamin B12 deficiency may be caused by a lower dietary intake (impaired absorption or
decreased intake), an autoimmune issue related to intrinsic factors or gastrointestinal system
diseases resulting in vitamin B12 malabsorption [2]. The most important symptoms and
findings of severe vitamin B12 deficiency are anemia and neurological problems. Vitamin B12

deficiency is one of the most common causes of macrocytic anemia [3, 4]. If it is not treated,
anemia symptoms and neurological disturbances resulting in spinal cord and cerebral cortex
demyelination may emerge [5].

Epidemiology concerns health and disorders, etiological agents, the symptoms of disorders,
diagnoses and the benefits of clinical care, and its discontinuation. Determining risk factors
and at‐risk groups as well as educating them about vitamin B12 deficiency, proper diet, and
replacement would prevent any irreversible complications of this type of deficiency. The goal
of this study is to review epidemiological studies related to vitamin B12 deficiency and to point
out the importance of identifying and treating it.

2. The metabolism of vitamin B12

The major metabolic pathway of vitamin B12 formation is shown in Figure 1.

Figure 1. The mechanism of vitamin B12.

Vitamin B12 is essential for DNA synthesis in cells. It has two different forms in cells.
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Deoxyadenosyl B12 converts methylmalonyl CoA to succinyl CoA. It also transfers methyl
groups from methyltetrafolate to synthesized methionine. Transferring a methyl group from
methyltetrafolate forms tetrahydrofolate. If there is a lack of vitamin B12, there is no receptor
to transfer a methyl group from methyltetrafolate. Then the methylfolate is trapped and
tetrahydrofolate that is needed to support DNA synthesis is decreased [2].

3. The absorption and distribution of vitamin B12

The absorption of vitamin B12 is a multiple staged process. Vitamin B12 intake through dietary
sources initially combines with binding proteins (R‐protein) in the saliva. Then it reaches the
intestine where pancreatic protease is extracted and it combines with intrinsic factors which
contain glycoprotein. Vitamin B12 is absorbed efficiently when it combines with such intrinsic
factors. In fact, very little uncombined free vitamin B12 is absorbed. The vitamin B12 and intrinsic
factor binds with a specific receptor on the mucosa cells of the terminal ileum and is extracted
to the circulation system from the intestine wall. Vitamin B12 is bound with transcobalamin
proteins in circulation. The most important transcobalamin protein is transcobalamin II that
is the main transporter protein in distributing vitamin B12 to the tissues and liver [5].

Tissues rich in vitamin B12 include parenchymal tissues (above 100 mcg/100 g), fish, muscular
organs, dairy products, and egg yolks (1‒10 mcg/100 g) [5]. In the West, daily vitamin B12 intake
by nonvegetarians is approximately 5‒7 mcg/day, which is sufficient for normal homeostasis
of body functions [6]. However, vegetarians are at risk of vitamin B12 deficiency because they
only consume 0.25‒0.5 mcg/day vitamin B12 from their diet [6]. Vitamin B12 is stored well in
tissues; for adults, vitamin B12 levels are 2‒5 mg and this is mostly located in the liver (ap‐
proximately 1 mg). Daily loss of vitamin B12 level is 0.1%. When someone no longer obtains
vitamin B12 through their diet, depletion of the stored vitamin may take as long as 3‒4 years [6].

4. The clinical spectrum of vitamin B12 deficiency

Both vitamin B12 deficiency and folate deficiency cause megaloblastic anemia. In fact, only
vitamin B12 deficiency causes neuorological change. Additionally, the difference between these
two anemia types is the duration between the start of deficiency and symptoms being apparent.
The symptoms of B12 deficiency appear within years after the removal of vitamin B12 from the
diet whereas the symptoms of folate deficiency are seen within 4‒6 weeks.

Vitamin B12 deficiency is one of the most frequent vitamin deficiencies worldwide [7]. So, this
deficiency is an extremely important public health issue owing to its serious complications if
it is not detected and treated appropriately. Epidemiological studies in this field are, therefore,
of great value. There are many epidemiological studies related to vitamin B12 deficiency, which
have used different methods and evaluated different disorders accompanying it [8, 9].
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5. The epidemiology of vitamin B12 deficiency

Although vitamin B12 deficiency is considered to be a public health problem, its incidence and
prevalence are not exactly known. The reasons for this condition are the ethnic and sociocul‐
tural differences between societies and their varying dietary habits. The most comprehensive
knowledge about vitamin B12 deficiency has been extracted from a review, which was con‐
ducted through studies in Africa, America, South‐East Asia, Europe, Eastern Mediterranean,
and Western Pacific in 2008 [10]. Another review evaluated 41 studies in Latin America and
the Caribbean and found that the prevalence of vitamin B12 deficiency was 61% [11].

The data extracted from this study have shown that vitamin B12 deficiency is still a public health
problem in these regions. The main reasons for vitamin B12 deficiency are nutritional deficien‐
cies that affect large sectors of the population including vegetarians and their children who
are affected during and after pregnancy, the elderly, frequent drug users as well as nutritional
deficiency linked to low socioeconomic level [12].

Vitamin B12 deficiency among vegetarians was found to be between 21 and 85% regardless of
age, address, type of vegetarianism, and demographics of the individuals concerned (Table 1)
[13].

Although it is thought that vitamin B12 deficiency is rarely seen except in strict vegetarians, it
is, in fact, commonly seen in all vegetarian groups (lacto‐vegetarians, ovo‐vegetarians, lacto‐
ovo‐vegetarians, and vegans), as well as among the elderly and for reasons related to medicine
and drug use [13‒16]. Particularly, vegetarians should take care of protective measures for
vitamin B12 deficiency that involve to identify the inadequate vitamin level and to receive
supplements containing B12 in necessary condition [13].

Reference Country Participants Rate of deficiency

Dhonukshe‐Rutten

et al. [17]

Netherlands N = 73, age range

: 9‒15 years

41%

Donaldson [18] USA N = 49, mean age

: 55 years

47%

Geisel et al. [19] Germany N = 71, mean age

: 53‒51 years

58%

Gibson et al. [20] Ethiopia N = 99, mean age

: 27.8 years

62%

Gilsing et al. [21] UK N = 65, mean age

: 42.8 years

40%

Hermann et al. [22] Germany and

Netherlands

N = 111, mean age

: 46 years

55%
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Reference Country Participants Rate of deficiency

Hermann et al. [23] Oman (German and Asian‐

Indian immigrants)

N = 96, mean age

: 50 years

66% of German and 69%

of Indians

Hermann et al. [24] Germany N = 34, mean age

: 22 years

43%

Hermann et al. [25] Germany and

Netherland

N = 66, mean age

: 48 years

73%

Hermann et al. [26] Germany N = 114, mean age

: 50 years

74%

Kwok et al. [27] China N = 119, mean age

: >55 years

42%

Kwok et al. [28] Hong Kong N = 113, mean age

: >55 years

81%

Miller et al. [29] USA N = 110, adults

(21‒70 years)

N = 42, children

30%

55%

Obeid et al. [30] Germany and

Netherland

N = 111 Unclear. Figure shows 58%

but text reports 85%

Refsum et al. [31] India N = 78

(27‒55 years)

75%

Rush et al. [32] New Zealand N = 6

(9‒11 years)

50%

Schneede et al. [33] Norway N = 41, infants

(11.4‒21.9 months)

85.4%

van Dusseldorp et al.

[34]

Netherlands N = 73, adolescents

(9‒15 years)

21%

Table 1. Studies into vitamin B12 deficiency and vegetarianism [13].

The effects of vitamin B12 on the central nervous system are well known. Lifelong optimal
vitamin B12 levels are very important for cognitive function. Vitamin B12 deficiency that is
caused by suboptimal vitamin B12 intake and/or changes in absorption due to aging, directly
causes neurocognitive deficiencies by neurotoxic effect [35, 36]. Several epidemiological
studies about vitamin B12 and the effects of aging on cognitive function have found a correlation
between vitamin B12 and cognitive function among middle‐aged and elderly cases in Central
and Eastern Europe [37].
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Another study which researched vitamin B12 prevalence among the middle‐aged and elderly
in Europe reported vitamin B12 deficiency to be between 5 and 46% [38‒40].

Vitamin B12 deficiency resulting from drug use has been shown in several previous studies and
indeed is still being discussed. Especially, metformin, which is used to treat diabetes mellitus
type‐2 (DM), influences vitamin B12 absorption by affecting the calcium‐dependent ileal
absorption of intrinsic factor‐vitamin B12 complex [41, 42].

However, there are studies which defend the contrary [42, 43]. Neither intestinal motility
changes nor bacterial over reproduction could be shown in these studies. The relationship
between vitamin B12 absorption and metformin was first observed in 30% of type‐2 diabetic
patients in 1971, and Ting et al. also found a relationship between vitamin B12 and the use of
metformin in treatment doses in 2006 [16, 44].

Vitamin B12 deficiency related with the use of metformin was observed among 30 patients, 90%
of whom had minor hematological abnormalities, 30% had mild peripheral neuropathy, and
two patients had symptomatic anemia and pancythopenia [45].

A meta‐analysis, which evaluated six randomized controlled trials, found that using metfor‐
min in different doses caused vitamin B12 deficiency and there was a correlation between the
metformin dosage and level of vitamin B12 deficiency [46].

Levodopa is another drug which is used for parkinsonism and believed to cause vitamin B12

deficiency. Levodopa has an effect on vitamin B12 levels by affecting the catechol‐O‐methyl
transferase pathway and carbidopa metabolism [47‒49]. According to these studies, vitamin
B12 levels should be checked before planning to use metformin and levodopa for a long‐term
period.

The prevalence of vitamin B12 deficiency was reported to be very high over the last dec‐
ade that is why national programs have been established to prevent it [50, 51].

Consequently, vitamin B12 deficiency has been found to be very common in specific groups of
the population, and there is a high risk of vitamin B12 deficiency as far as vegetarians, infants,
pregnant and breastfeeding mothers, and the elderly are concerned. There is clearly a need to
establish both national and prophylaxis programs in order to prevent vitamin B12 deficiency
among such cases.
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Abstract

β-Thalassemias are extremely heterogeneous at the molecular level.  More than 200
disease-causing mutations have been identified. The majority of mutations are single
nucleotide substitutions. Rarely, β-thalassemia results from gross gene deletion. The
degree of globin chain imbalance is determined by the nature of the mutation of the β-
gene. β0 refers to the complete absence of production of β-globin on the affected allele.
β+ refers to alleles with some residual production of β-globin (around 10%). In β++, the
reduction in β-globin production is very mild. The broad spectrum of β-thalassemia
alleles can produce a wide spectrum of different β-thalassemia phenotypes. In this
chapter, we review the molecular basis of the marked heterogeneity of the thalassemia
syndromes or in other words the genotype-phenotype relationship in β-thalassemia.

Keywords: β-Thalassemia, genotype, phenotype, mutation, disease

1. Introduction

β-Thalassemia syndromes are a group of hereditary blood disorders characterized by reduced
or  absent  β-globin  chain  synthesis,  resulting  in  reduced  Hb  in  red  blood  cells  (RBCs),
decreased RBC production, and anemia. β-Thalassemia includes three main forms: Thalas-
semia  Major,  variably  referred  to  as  “Cooley’s  Anemia”  and  “Mediterranean  Anemia,”
Thalassemia Intermedia,  and Thalassemia Minor also called “β-thalassemia carrier,” “ β-
thalassemia trait,” or “heterozygous β-thalassemia” [1].

The β-thalassemia syndromes are much more diverse than the α-thalassemia syndromes due
to the diversity of the mutations that produce the defects in the β-globin gene. The severity of
β-thalassemia relates to the degree of imbalance between the α- and non-α-globin chains. The
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and reproduction in any medium, provided the original work is properly cited.
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β-globin gene maps in the short arm of chromosome 11, in a region that contains also the delta
globin gene, the embryonic epsilon gene, the fetal gamma genes, and a pseudogene (ψB1) [1].

Unlike the deletions that constitute most of the α-thalassemia syndromes, β-thalassemias are
caused by hundreds of mutations that affect all aspects of β-globin production: transcription,
translation, and the stability of the β-globin product [2].

2. Classification of β-thalassemias

1. β-Thalassemia

• Thalassemia major

• Thalassemia intermediate

• Thalassemia minor

2. β-Thalassemia with associated Hb anomalies

• HbC/β-thalassemia

• HbE/β-thalassemia

• HbS/β-thalassemia

3. Hereditary persistence of fetal Hb and β-thalassemia

4. Autosomal dominant forms of β-thalassemia

5. β-Thalassemia associated with other manifestations

• β-Thalassemia-trichothiodystrophy

• X-linked thrombocytopenia with thalassemia

2.1. Epidemiology of β-thalassemias

The frequency of β-thalassemia varies widely, depending on the ethnic population. The disease
is reported most commonly in Mediterranean, African, and Southeast Asian populations. The
highest carrier frequency is reported in Cyprus (14%), Sardinia (10.3%), and Southeast Asia [1].

Population migration and intermarriage between different ethnicities have introduced
thalassemia in almost every country of the world, including Northern Europe, where thalas-
semia was previously absent [2].

About 1.5% of the global population (80–90 million) are β-thalassemia carriers, with about
60,000 symptomatic individuals born annually. Incidence of symptomatic individuals is
estimated at 1 in 100,000 worldwide and 1 in 10,000 in Europe [2].
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It is the most common chronic hemolytic anemia in Egypt (85.1%), and its carrier rate has been
estimated at 9–10.2% from an examination of 1000 normal random subjects from different
geographic areas of the country [3].

2.2. Etiology of β-thalassemia

β-Thalassemia is inherited as an autosomal recessive disorder. There are hundreds of muta-
tions within the β-globin gene, but approximately 20 different alleles comprise 80% of the
mutations found worldwide. Within each geographic population, there are unique mutations.
The large majority of mutations are point mutations. Deletions of β-globin gene are uncom-
mon. Mutations in β-globin gene cause a reduced or absent production of the β-globin chains
[4]. Table 1 displays the list of common mutations according to severity and ethnic distribution.

β-Gene mutation Ethnicity Severity

−619 del Indian β0

−101 C→T Mediterranean β++

−88 C→T Black β++

−87 C→G Mediterranean, African β++

−31 A→G Japanese β++

−29 A→G African β++

−28 A→C Southeast Asian β++

IVS1-nt1 G→A Mediterranean, Asian Indian β0

IVS1-nt5 G→C East Asian, Asian Indian β0

IVS1-nt6 T→C Mediterranean β+/++

IVS1-nt110 G→A Mediterranean β+

IVS2-nt654 C→T Chinese β+

IVS2-nt745 C→G Mediterranean β+

Codon 39 C→T Mediterranean β0

Codon 5 -CT Mediterranean β0

Codon 6 -A Mediterranean, African-American β0

Codon 41/42 -TTCT Southeast Asian β0

AATAAA to AACAAA African-American β++

AATAAA to AATGAA Mediterranean β++

Codon 27 G→T Hb (Hb Knossos) Mediterranean β++

Codon 79 G>A (Hb E) Southeast Asian β++

Codon 19 G>A (Hb Malay) Malaysian

Table 1. Common mutations of β-thalassemia according to severity and ethnicity.
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3. Genotype phenotype relationship in β-thalassemia

Mutations causing thalassemia can affect any step in the pathway of globin gene expression.
The most common forms arise from mutations that derange splicing of the mRNA precursors
or prematurely terminate translation of the mRNA. The resulting phenotype reflect the effects
of the β0 thalassemia in which there is no B-globin gene production and B+, B++ thalassemia in
which there is marked or mild reduction in production of β-chain [5].

3.1. Genetic modifiers

Several modifier genes have been identified which are able to influence the severity of β-
thalassemia, so at phenotypic level β-thalassemias are considered multigenic diseases.
Improved understanding of the influence of modifier genes involved in modulating the
complex pathophysiology of β-thalassemia may allow prediction of disease phenotype [6].

3.1.1. Primary modifiers

Primary genetic modifiers in homozygous β-thalassemia include genetic variants able to
reduce the globin chain imbalance, therefore resulting in a milder form of thalassemia.

1. The presence of silent or mild β-thalassemia alleles associated with a high residual output
of β-globin.

2. The coinheritance of α-thalassemia.

3. Genetic determinants able to sustain a continuous production of gamma globin chains
(HbF) in adult life.

3.1.2. Secondary modifiers

The clinical phenotype of homozygous β-thalassemia may also be modified by the coinheri-
tance of other genetic variants mapping outside the globin clusters.

1. TA7 polymorphism in the promoter region of the uridine diphosphate-glucuronosyl
transferase gene is associated with cholelitiasis in thalassemic patients [7].

2. Apolipoprotein Eε4 allele seems to be a genetic risk factor for left ventricular failure in
β-thalassemia [8].

3. Genes involved in iron (i.e., C282Y and H63D HFE gene mutations) and bone metabolism
[9].

4. Glutathione-S-transferase M1 gene polymorphism has been associated with an increased
risk of cardiac iron overload in patients with thalassemia major [10].

5. Excess functional α-globin genes (α gene triplication or quadruplicating) in heterozygous
β-thalassemia may lead to thalassemia intermedia phenotype instead of the asymptomatic
carrier state [11].
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4. Pathophysiology of β-thalassemia

The basic defect in β-thalassemia is a reduced or absent production of β-globin chains with
relative excess of α-chains. Because α- and non-α chains pair with each other at a ratio close
to 1:1 to form normal Hb, the excess unmatched α chains accumulate in the cell as an unstable
product, leading to cell destruction in the bone marrow and in the extramedullary sites. This
process is referred to as ineffective erythropoiesis (IE) and is the hallmark of β-thalassemia [12].

Figure 1. Pathophysiology of β-thalassemia.

The excess α-chains may, in minor amounts, combine with residual β- (in β+ -thalassemia) and
γ-chains (whose synthesis persists usually in small quantity after birth), undergo proteolysis,
or in large part become associated with the erythroid precursors with deleterious effects on
erythroid maturation and survival. Also excess α-chain precipitation in the red cell membrane
causes structural and functional alterations with changes in deformability, stability, and red
cell hydration [12].

Alterations of erythroid precursors result in an enhanced rate of apoptosis, which is a pro-
grammed cell death. Apoptosis could contribute significantly to ineffective erythropoiesis and
occurs primarily at the polychromatophilic erythroblast stage. The ineffective erythropoiesis
(IE) and anemia have several consequences producing the clinical picture of the disease. The
first response to anemia is an increased production of erythropoietin, causing a marked
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erythroid hyperplasia, which may range between 25 and 30 times normal. Anemia may
produce cardiac enlargement and sometimes severe cardiac failure [12].

Increased erythropoietin synthesis may stimulate the formation of extramedullary erythro-
poietic tissue, primarily in the thorax and paraspinal region. Marrow expansion also results
in characteristic deformities of the skull and face, as well as osteopenia [13].

High levels of iron, closely associated with denatured hemoglobin, have been found in the
membrane of β-thalassemic red cells [14].

Severe IE, chronic anemia, and hypoxia also cause increased gastrointestinal (GI) tract iron
absorption. This is combined with increased iron from the breakdown of RBCs and the
increased iron introduced into the circulation by the transfusions necessary to treat thalasse-
mia, plus inadequate excretory pathways lead to progressive deposition of iron in tissues and
hemosiderosis occurs [13].

Free iron species, such as labile plasma iron as well as labile iron pool in the RBCs accumulate
when transferrin saturation exceeds 70%. These free iron species generate reactive oxygen
species with eventual tissue damage, organ dysfunction, and death (Figure 1) [13].

5. Clinical presentation of β-thalassemia

5.1. History

The history in patients with thalassemia widely varies, depending on the severity of the
condition and the age at the time of diagnosis. In most patients with thalassemia traits, no
unusual signs or symptoms are encountered, children with thalassemia major usually present
between 3 months and 1 year of life, and occasionally presentation is delayed to 4−5 years [15].

Some patients, especially those with somewhat more severe forms of the disease, manifest
some pallor and slight icteric discoloration of the sclerae with splenomegaly, leading to slight
enlargement of the abdomen. Thalassemia should be considered in any child with hypochro-
mic microcytic anemia that does not respond to iron supplementation [15].

5.2. Physical

Patients with thalassemia minor are often asymptomatic. They have mild anemia and their Hb
level is usually not less than 9−10 g/dl therefore pallor and splenomegaly are rarely observed.

The stigmata of severe untreated α-thalassemia major included the following:

• Severe anemia, with an Hb level of 3−7 g/dl

• Massive hepatosplenomegaly

• Severe growth retardation

• Bony deformities
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Patients with signs of iron overload may also demonstrate signs of cardiomyopathy and
endocrinopathy caused by iron deposits. Diabetes and thyroid or adrenal disorders have been
described in these patients [16].

6. β-Thalassemia workup

6.1. Laboratory studies

6.1.1. Complete blood count and peripheral blood film examination

In the severe forms of thalassemia, the Hb level ranges from 2 to 8 g/dl. MCV and MCH are
significantly low. Reticulocyte count is elevated to 5–8% and leukocytosis is usually present.
Platelet count is usually normal, unless the spleen is markedly enlarged. Peripheral blood film
examination reveals nucleated RBCs and occasional immature leukocytes.

6.1.2. Hemoglobin electrophoresis

High performance liquid chromatography (HPLC) is now usually used as first-line method to
diagnose hemoglobin disorders. HPLC or hemoglobin electrophoresis reveals absence or
almost complete absence of Hb A, with almost all the circulating hemoglobin being Hb F. The
Hb A2 percentage is normal, low, or slightly raised.

6.1.3. Biochemical studies

1. Serum iron and ferritin: Serum iron level and ferritin levels are elevated. However, an
assessment using serum ferritin levels may underestimate the iron concentration in the
liver. Liver iron concentration (LIC) could be estimated by liver biopsy or T2* MRI, which
provides a noninvasive alternative to liver biopsy. LIC could also monitored by the use of
superconducting quantum interference device (SQUID).

2. Transferrin saturation: Transferrin saturation is a surrogate marker for NTBI [17].
Transferrin saturation >50% is suggestive of a high iron load.

3. NTBI and LPI: NTBI and LPI are very specific for iron overload and can be used to monitor
the response to chelation therapy [18].

4. Hepcidin measurement: Hepcidin can be measured in serum and urine using mass
spectrometry, and this may be a feasible marker in the near future [19].

5. Other biochemical changes: Serum zinc, serum and leucocytic ascorbic acid, vitamin E,
and folic acid are low. LDL is elevated as consequence of ineffective erythropoiesis [20].

6.2. Imaging studies

Findings show skeletal changes, including thinning of the cortex, widening of the medulla,
and coarsening of trabeculations, due to bone marrow hyperplasia in the long bones, meta-
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carpals, and metatarsals. Skull bones show “hair-on-end.” The maxilla may overgrow, which
results in maxillary overbite, prominence of the upper incisors, and separation of the orbit.
These changes contribute to the classic chipmunk facies observed in patients with thalassemia
major [21]. Chest radiography is used to evaluate cardiac size and shape. Left ventricular
function can be quantified using MRI, MUGA (multiple gated acquisition scan) or echocar-
diography [22].

Cardiac T2*, a noninvasive procedure involves measuring the cardiac T2 with cardiac magnetic
resonance (CMR). This procedure has shown decreased values in cardiac T2 due to iron deposit
in the heart. Unlike liver MRI, CMR does not correlate well with the ferritin level, the liver iron
level, or echocardiography findings. The liver is clear of iron loading much earlier than the
heart, and so the decision to stop or reduce chelation treatment based on liver iron levels is
misleading [23].

A poor correlation was noted between cardiac and hepatic iron concentrations as assessed by
T2-MRI where approximately 14% of patients with cardiac iron overload were identified who
had no matched degree of hepatic hemosiderosis [24].

6.3. Molecular genetic analysis

PCR-based procedures can detect the commonly occurring mutations in β-globin gene. The
most commonly used methods are reverse dot blot analysis or primer-specific amplification,
with a set of probes complementary to the most common mutations in each population. β-
Globin gene sequence analysis is used to detect mutations in the β-globin gene in case of failure
of targeted mutation analysis [25].

6.4. Prenatal diagnosis

Prenatal diagnosis is possible through analysis of DNA obtained through chorionic villi
sampling at 8–10 weeks’ fetal gestation or by amniocentesis at 14–20 weeks’ gestation. In most
laboratories, the DNA is amplified using the PCR assay test and then is analyzed for the
presence of the thalassemia mutation using a panel of oligonucleotide probes corresponding
to known thalassemia mutations. Prenatal diagnosis may be performed noninvasively, with
the use of maternal blood samples to isolate either fetal cells or fetal DNA for analysis [26].

7. Treatment of thalassemia

7.1. Transfusion therapy

In general, children with β-thalassemia major and hemoglobins of less than 6–7 g/dl should
receive chronic transfusions. It is important to start early before the child has a chance to
develop splenomegaly and hypersplenism and before skeletal changes and growth retarda-
tion. It is also important to establish a reliable, routine transfusion schedule that maintains
hemoglobin levels of 9–10 g/dl [27].
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Transfusions of washed, leukocyte-depleted RBCs are recommended for all the patients to
reduce the incidence of febrile and urticarial reactions as well as infectious cytomegalovirus
contamination [28]. Extended red cell antigen typing, including at least the Rh antigens, Duffy,
Kidd, and Kell, is recommended before the patient is started on a transfusion regimen [27].

7.2. Iron chelation therapy

Children with thalassemia major should begin therapy at the earliest possible age and certainly
by the time they have accumulated more than 7 g of excess iron. In young children, a serum
ferritin level much greater than 1.000 μg/l or 1 year of regular transfusions (or both) can be
used as surrogate indicators to initiate chelation therapy [27].

7.2.1. Deferoxamine

Deferoxamine (DFO) is a hexadentate iron chelator (deferoxamine mesylate; desferal®). DFO
was introduced as parenteral therapy for iron overload associated with β-thalassemia major
in 1976 [30]. Plasma half-life of DFO is short (20–30 min). Therefore, standard treatment
involves the subcutaneous infusion of 40 mg DFO for 8–12 h nightly for 5–7 nights weekly
using a battery-operated infusion pump. Subcutaneous administration is preferred except in
patients with severe cardiac iron deposition, for whom continuous intravenous deferoxamine
therapy is recommended. Iron excretion occurs through biliary and urinary routes [29].

Adverse events of DFO include growth retardation, skeletal changes, ocular and auditory
disturbances, pulmonary, and renal toxicities. They are preventable if proper monitoring is
practiced to detect early signs of toxicity. Susceptibility to infection with Yersinia and perhaps
other Gram-negative bacilli is increased in thalassemia patients who receive DFO therapy.
Painful local skin reactions at the infusion site are common. Zinc deficiency can occur [29].

7.2.2. Deferiprone

Deferiprone (DFP) is an orally administered bidentate iron chelator (Ferriprox®, Kelfer®). The
usual dose of DFP is 75–100 mg/kg/day taken orally in three divided doses. Plasma half-life of
DFP is 2–3 h, and iron is mainly excreted in urine [30]. Adverse effects of DFP include
gastrointestinal disturbances, agranulocytosis and neutropenia, arthropathy, increased liver
enzyme levels, and low plasma zinc level [29, 30].

7.2.3. Deferasirox

Deferasirox (DFX) is an orally administered tridentate iron chelator that is indicated for the
treatment of transfusion iron overload in persons more than 2 years of age. The US Food and
Drug Administration approves a recommended daily dose of 20–40 mg/kg body weight, taken
once on an empty stomach at least 30 min before food [29]. The most common adverse events
with DFX therapy include gastrointestinal disturbances, rash, and mild increases in serum
creatinine [31].
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7.2.4. Combination therapy

1. “Shuttle hypothesis”: combination of DFO and deferiprone

Combined DFO and DFP regimens offer an alternative option for patients with severe
heart disease. Deferiprone, though a weaker chelator, is a relatively small uncharged mole-
cule that can enter the cardiac cells more easily than DFO and transfers the chelated iron
from the myocardial cells to the stronger chelator, DFO in the plasma [32].

2. Combination of Deferasirox and DFO

The efficacy of combining DFO with Deferasirox has been assessed in a number of studies.
This combination has an additive effect, allows decreasing the dose of both chelators and
improves the compliance. The “shuttle effect” is also applicable with this combination as
Deferasirox acts as an intracellular chelator and DFO as a powerful extracellular chelator
[32].

7.3. Splenectomy

Splenectomy is recommended when the calculated annual transfusion requirement is >200 to
220 ml RBCs/kg per year with a hematocrit of 70%. Splenectomy may be necessary to decrease
the disabling effects of abdominal pressure and to increase the life span of supplemental RBCs.
After splenectomy, children generally require fewer transfusions, although the basic defect in
Hb synthesis remains unaffected. Splenectomy is a therapy that should not be considered
casually because susceptibility to infection with Streptococcus pneumoniae, Haemophilus
influenza, and Neisseria meningitids increases after splenectomy in children, particularly in those
younger than 5 years. Standard therapy for splenectomized individuals includes immuniza-
tions, prophylactic penicillin, and a high index of suspicion and aggressive antibiotic therapy
for febrile illness. Thromboembolic events and pulmonary hypertension are also increased in
splenectomized patients. These complications may be minimized by the routine use of aspirin
or low dose anticoagulants [28].

7.4. Stem cell transplantation (SCT)

SCT or bone marrow transplantation (BMT) is the only possible, proven curative treatment for
β-thalassemia major. The most important role of SCT is the high chance of cure for individuals
who otherwise face a lifetime of invasive, demanding treatment and a reduced life span [33].

7.5. Vitamin supplementation

Vitamin E supplementation in thalassemia major is often suggested, but data demonstrating
its efficacy are lacking. Folic acid supplements help to maintain folic acid levels in the face of
increased requirements [27].
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7.6. Fetal hemoglobin induction

In β-thalassemia, pharmacologically induced increase in γ-globin chains would be expected
to decrease globin chain imbalance with consequent amelioration of clinical manifestation.
Pharmacologically, three classes of agents have been shown to be capable of inducing HbF to
therapeutic levels: erythropoietins, short-chain fatty acid derivatives, and chemotherapeutic
agents. Hydroxyurea has been recommended in patients with thalassemia intermedia [28].

7.7. Gene therapy

B-Thalassemia is a potential attractive target for gene therapy. This could be a reality if a
functional β-globin gene could be safely and efficiently introduced into the hematopoietic stem
cells, and lineage-restricted expression of the β-globin protein exceeding 15% could be
achieved in erythroid progenitor cells. Gene therapy for β-thalassemia requires gene transfer
into hematopoietic stem cells (HSCs) using integrating vectors that direct the regulated
expression of β-globin at therapeutic levels [34].

8. Prevention

Prevention strategies include community education, carrier detection, genetic counseling, and
prenatal diagnosis [27].

9. Conclusion

β-Thalassemias are markedly heterogeneous at their molecular level with a clear association
between genotype and clinical phenotype. Study of the molecular genetics in patients with
β-thalassemia in their early life will serve as a tool to predict clinical disease severity and help
in planning of early intervention strategies.
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